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Theory (Slides) and Practice (Quirk)
https://cnls.lanl.gov/~baertschi/QCA/

https://cnls.lanl.gov/~baertschi/QCA/
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Recap

Phase Kickback

Amplitude Amplification
Given algorithm A with success 
probability p, one can do 
• Classical

Repeating A for 1/p times
• Quantum

Boost amplitudes
over √1/p rounds

Quantum Fourier Transform
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Phase Estimation
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Recap Phase Estimation

Estimating Phases for the 
iSWAP gate: 0
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With Eigenstates and 
corresponding Eigenvalues:
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Integer Factorization (Shor)
Given n-bit (composite) integer R, find a proper factor f

Classical Part:
Pre- / Post-Processing, Loop
1. Discard “simple” cases:

R even, R prime power, (R prime)
2. Randomly choose 0 < B < R

• check

3. Compute period p of B

4. If p is even:
• check

5. Repeat if necessary

Quantum Part:
Find Period p of 
Bx ⌘ 1 (mod R)
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B
<latexit sha1_base64="mdsPmO/PWuTdLN04AR+NVLhSEQ0=">AAACE3icbVDLSsNAFJ34rPVVdelmsAiuSlIEXRbduGzBPqANZTK9aYdOJnFmIsTQL3Brv8aduPUD/BjBSZqFbT1w4XDOvdx7jxdxprRtf1sbm1vbO7ulvfL+weHRceXktKPCWFJo05CHsucRBZwJaGumOfQiCSTwOHS96X3md59BKhaKR51E4AZkLJjPKNFGat0NK1W7ZufA68QpSBUVaA4rP4NRSOMAhKacKNV37Ei7KZGaUQ6z8iBWEBE6JWPoGypIAMpN80Nn+NIoI+yH0pTQOFf/TqQkUCoJPNMZED1Rq14m/uf1Y+3fuikTUaxB0MUiP+ZYhzj7Go+YBKp5YgihkplbMZ0QSag22Sxt0Wz6svgiY5x5ksgkfYqJyB2Tl7Oazjrp1GuOXXNa19VGvUiuhM7RBbpCDrpBDfSAmqiNKAL0it7Q3Jpb79aH9blo3bCKmTO0BOvrFxurn8A=</latexit><latexit sha1_base64="mdsPmO/PWuTdLN04AR+NVLhSEQ0=">AAACE3icbVDLSsNAFJ34rPVVdelmsAiuSlIEXRbduGzBPqANZTK9aYdOJnFmIsTQL3Brv8aduPUD/BjBSZqFbT1w4XDOvdx7jxdxprRtf1sbm1vbO7ulvfL+weHRceXktKPCWFJo05CHsucRBZwJaGumOfQiCSTwOHS96X3md59BKhaKR51E4AZkLJjPKNFGat0NK1W7ZufA68QpSBUVaA4rP4NRSOMAhKacKNV37Ei7KZGaUQ6z8iBWEBE6JWPoGypIAMpN80Nn+NIoI+yH0pTQOFf/TqQkUCoJPNMZED1Rq14m/uf1Y+3fuikTUaxB0MUiP+ZYhzj7Go+YBKp5YgihkplbMZ0QSag22Sxt0Wz6svgiY5x5ksgkfYqJyB2Tl7Oazjrp1GuOXXNa19VGvUiuhM7RBbpCDrpBDfSAmqiNKAL0it7Q3Jpb79aH9blo3bCKmTO0BOvrFxurn8A=</latexit><latexit sha1_base64="mdsPmO/PWuTdLN04AR+NVLhSEQ0=">AAACE3icbVDLSsNAFJ34rPVVdelmsAiuSlIEXRbduGzBPqANZTK9aYdOJnFmIsTQL3Brv8aduPUD/BjBSZqFbT1w4XDOvdx7jxdxprRtf1sbm1vbO7ulvfL+weHRceXktKPCWFJo05CHsucRBZwJaGumOfQiCSTwOHS96X3md59BKhaKR51E4AZkLJjPKNFGat0NK1W7ZufA68QpSBUVaA4rP4NRSOMAhKacKNV37Ei7KZGaUQ6z8iBWEBE6JWPoGypIAMpN80Nn+NIoI+yH0pTQOFf/TqQkUCoJPNMZED1Rq14m/uf1Y+3fuikTUaxB0MUiP+ZYhzj7Go+YBKp5YgihkplbMZ0QSag22Sxt0Wz6svgiY5x5ksgkfYqJyB2Tl7Oazjrp1GuOXXNa19VGvUiuhM7RBbpCDrpBDfSAmqiNKAL0it7Q3Jpb79aH9blo3bCKmTO0BOvrFxurn8A=</latexit><latexit sha1_base64="mdsPmO/PWuTdLN04AR+NVLhSEQ0=">AAACE3icbVDLSsNAFJ34rPVVdelmsAiuSlIEXRbduGzBPqANZTK9aYdOJnFmIsTQL3Brv8aduPUD/BjBSZqFbT1w4XDOvdx7jxdxprRtf1sbm1vbO7ulvfL+weHRceXktKPCWFJo05CHsucRBZwJaGumOfQiCSTwOHS96X3md59BKhaKR51E4AZkLJjPKNFGat0NK1W7ZufA68QpSBUVaA4rP4NRSOMAhKacKNV37Ei7KZGaUQ6z8iBWEBE6JWPoGypIAMpN80Nn+NIoI+yH0pTQOFf/TqQkUCoJPNMZED1Rq14m/uf1Y+3fuikTUaxB0MUiP+ZYhzj7Go+YBKp5YgihkplbMZ0QSag22Sxt0Wz6svgiY5x5ksgkfYqJyB2Tl7Oazjrp1GuOXXNa19VGvUiuhM7RBbpCDrpBDfSAmqiNKAL0it7Q3Jpb79aH9blo3bCKmTO0BOvrFxurn8A=</latexit>

B2 mod R
<latexit sha1_base64="wetUiuxBaWZ4LKrNgTZM8+nMWJQ=">AAACHXicbVDLSsNAFJ3UV62vqks3g0VwVZIi6LLoxmUV+4A0lslk2g6dzMSZiRBDP8Ot/Rp34lb8GMFJmoVtPXDhcM693HuPHzGqtG1/W6W19Y3NrfJ2ZWd3b/+genjUUSKWmLSxYEL2fKQIo5y0NdWM9CJJUOgz0vUnN5nffSZSUcEfdBIRL0QjTocUI20k9/qxAft+KAJ4P6jW7LqdA64SpyA1UKA1qP70A4HjkHCNGVLKdexIeymSmmJGppV+rEiE8ASNiGsoRyFRXpqfPIVnRgngUEhTXMNc/TuRolCpJPRNZ4j0WC17mfif58Z6eOWllEexJhzPFw1jBrWA2f8woJJgzRJDEJbU3ArxGEmEtUlpYYumk5f5Fxlj1JdIJulTjHjumLyc5XRWSadRd+y6c3dRazaK5MrgBJyCc+CAS9AEt6AF2gADAV7BG5hZM+vd+rA+560lq5g5Bguwvn4B4iKjRA==</latexit><latexit sha1_base64="wetUiuxBaWZ4LKrNgTZM8+nMWJQ=">AAACHXicbVDLSsNAFJ3UV62vqks3g0VwVZIi6LLoxmUV+4A0lslk2g6dzMSZiRBDP8Ot/Rp34lb8GMFJmoVtPXDhcM693HuPHzGqtG1/W6W19Y3NrfJ2ZWd3b/+genjUUSKWmLSxYEL2fKQIo5y0NdWM9CJJUOgz0vUnN5nffSZSUcEfdBIRL0QjTocUI20k9/qxAft+KAJ4P6jW7LqdA64SpyA1UKA1qP70A4HjkHCNGVLKdexIeymSmmJGppV+rEiE8ASNiGsoRyFRXpqfPIVnRgngUEhTXMNc/TuRolCpJPRNZ4j0WC17mfif58Z6eOWllEexJhzPFw1jBrWA2f8woJJgzRJDEJbU3ArxGEmEtUlpYYumk5f5Fxlj1JdIJulTjHjumLyc5XRWSadRd+y6c3dRazaK5MrgBJyCc+CAS9AEt6AF2gADAV7BG5hZM+vd+rA+560lq5g5Bguwvn4B4iKjRA==</latexit><latexit sha1_base64="wetUiuxBaWZ4LKrNgTZM8+nMWJQ=">AAACHXicbVDLSsNAFJ3UV62vqks3g0VwVZIi6LLoxmUV+4A0lslk2g6dzMSZiRBDP8Ot/Rp34lb8GMFJmoVtPXDhcM693HuPHzGqtG1/W6W19Y3NrfJ2ZWd3b/+genjUUSKWmLSxYEL2fKQIo5y0NdWM9CJJUOgz0vUnN5nffSZSUcEfdBIRL0QjTocUI20k9/qxAft+KAJ4P6jW7LqdA64SpyA1UKA1qP70A4HjkHCNGVLKdexIeymSmmJGppV+rEiE8ASNiGsoRyFRXpqfPIVnRgngUEhTXMNc/TuRolCpJPRNZ4j0WC17mfif58Z6eOWllEexJhzPFw1jBrWA2f8woJJgzRJDEJbU3ArxGEmEtUlpYYumk5f5Fxlj1JdIJulTjHjumLyc5XRWSadRd+y6c3dRazaK5MrgBJyCc+CAS9AEt6AF2gADAV7BG5hZM+vd+rA+560lq5g5Bguwvn4B4iKjRA==</latexit><latexit sha1_base64="wetUiuxBaWZ4LKrNgTZM8+nMWJQ=">AAACHXicbVDLSsNAFJ3UV62vqks3g0VwVZIi6LLoxmUV+4A0lslk2g6dzMSZiRBDP8Ot/Rp34lb8GMFJmoVtPXDhcM693HuPHzGqtG1/W6W19Y3NrfJ2ZWd3b/+genjUUSKWmLSxYEL2fKQIo5y0NdWM9CJJUOgz0vUnN5nffSZSUcEfdBIRL0QjTocUI20k9/qxAft+KAJ4P6jW7LqdA64SpyA1UKA1qP70A4HjkHCNGVLKdexIeymSmmJGppV+rEiE8ASNiGsoRyFRXpqfPIVnRgngUEhTXMNc/TuRolCpJPRNZ4j0WC17mfif58Z6eOWllEexJhzPFw1jBrWA2f8woJJgzRJDEJbU3ArxGEmEtUlpYYumk5f5Fxlj1JdIJulTjHjumLyc5XRWSadRd+y6c3dRazaK5MrgBJyCc+CAS9AEt6AF2gADAV7BG5hZM+vd+rA+560lq5g5Bguwvn4B4iKjRA==</latexit>

. . .
<latexit sha1_base64="qTtcWj5rFg5VzPny9ohNyRzDRks=">AAACGHicbVBNS8NAEN3Ur1q/qh69LBbBU0mKoMeCF48V7Ae0oWw2m3btZhN3J0IM/Q9e7a/xJl69+WMEN20OtvXBwOO9GWbmebHgGmz72yptbG5t75R3K3v7B4dH1eOTjo4SRVmbRiJSPY9oJrhkbeAgWC9WjISeYF1vcpv73WemNI/kA6Qxc0MykjzglICROgPhR6CH1Zpdt+fA68QpSA0VaA2rPwM/oknIJFBBtO47dgxuRhRwKti0Mkg0iwmdkBHrGypJyLSbza+d4guj+DiIlCkJeK7+nchIqHUaeqYzJDDWq14u/uf1Ewhu3IzLOAEm6WJRkAgMEc5fxz5XjIJIDSFUcXMrpmOiCAUT0NIW4JOXxRc5E9xTRKXZU0Lk3DF5OavprJNOo+7Ydef+qtZsFMmV0Rk6R5fIQdeoie5QC7URRY/oFb2hmTWz3q0P63PRWrKKmVO0BOvrF6UAojI=</latexit><latexit sha1_base64="qTtcWj5rFg5VzPny9ohNyRzDRks=">AAACGHicbVBNS8NAEN3Ur1q/qh69LBbBU0mKoMeCF48V7Ae0oWw2m3btZhN3J0IM/Q9e7a/xJl69+WMEN20OtvXBwOO9GWbmebHgGmz72yptbG5t75R3K3v7B4dH1eOTjo4SRVmbRiJSPY9oJrhkbeAgWC9WjISeYF1vcpv73WemNI/kA6Qxc0MykjzglICROgPhR6CH1Zpdt+fA68QpSA0VaA2rPwM/oknIJFBBtO47dgxuRhRwKti0Mkg0iwmdkBHrGypJyLSbza+d4guj+DiIlCkJeK7+nchIqHUaeqYzJDDWq14u/uf1Ewhu3IzLOAEm6WJRkAgMEc5fxz5XjIJIDSFUcXMrpmOiCAUT0NIW4JOXxRc5E9xTRKXZU0Lk3DF5OavprJNOo+7Ydef+qtZsFMmV0Rk6R5fIQdeoie5QC7URRY/oFb2hmTWz3q0P63PRWrKKmVO0BOvrF6UAojI=</latexit><latexit sha1_base64="qTtcWj5rFg5VzPny9ohNyRzDRks=">AAACGHicbVBNS8NAEN3Ur1q/qh69LBbBU0mKoMeCF48V7Ae0oWw2m3btZhN3J0IM/Q9e7a/xJl69+WMEN20OtvXBwOO9GWbmebHgGmz72yptbG5t75R3K3v7B4dH1eOTjo4SRVmbRiJSPY9oJrhkbeAgWC9WjISeYF1vcpv73WemNI/kA6Qxc0MykjzglICROgPhR6CH1Zpdt+fA68QpSA0VaA2rPwM/oknIJFBBtO47dgxuRhRwKti0Mkg0iwmdkBHrGypJyLSbza+d4guj+DiIlCkJeK7+nchIqHUaeqYzJDDWq14u/uf1Ewhu3IzLOAEm6WJRkAgMEc5fxz5XjIJIDSFUcXMrpmOiCAUT0NIW4JOXxRc5E9xTRKXZU0Lk3DF5OavprJNOo+7Ydef+qtZsFMmV0Rk6R5fIQdeoie5QC7URRY/oFb2hmTWz3q0P63PRWrKKmVO0BOvrF6UAojI=</latexit><latexit sha1_base64="qTtcWj5rFg5VzPny9ohNyRzDRks=">AAACGHicbVBNS8NAEN3Ur1q/qh69LBbBU0mKoMeCF48V7Ae0oWw2m3btZhN3J0IM/Q9e7a/xJl69+WMEN20OtvXBwOO9GWbmebHgGmz72yptbG5t75R3K3v7B4dH1eOTjo4SRVmbRiJSPY9oJrhkbeAgWC9WjISeYF1vcpv73WemNI/kA6Qxc0MykjzglICROgPhR6CH1Zpdt+fA68QpSA0VaA2rPwM/oknIJFBBtO47dgxuRhRwKti0Mkg0iwmdkBHrGypJyLSbza+d4guj+DiIlCkJeK7+nchIqHUaeqYzJDDWq14u/uf1Ewhu3IzLOAEm6WJRkAgMEc5fxz5XjIJIDSFUcXMrpmOiCAUT0NIW4JOXxRc5E9xTRKXZU0Lk3DF5OavprJNOo+7Ydef+qtZsFMmV0Rk6R5fIQdeoie5QC7URRY/oFb2hmTWz3q0P63PRWrKKmVO0BOvrF6UAojI=</latexit>

Bp�2 mod R
<latexit sha1_base64="vWu6fGBsJGeg5+AIa3guasFuozo=">AAACI3icbZDLSsNAFIYn9VbrpVGXbgaL4MaSFEGXRTcuq9gLtLFMJpN26GQSZyZCDH0St/Zp3IkbFz6K4CTNwrYeGPj4/3M4Z343YlQqy/oySmvrG5tb5e3Kzu7eftU8OOzIMBaYtHHIQtFzkSSMctJWVDHSiwRBgctI153cZH73mQhJQ/6gkog4ARpx6lOMlJaGZvX6MY3OG1M4cIPQg/dDs2bVrbzgKtgF1EBRraH5M/BCHAeEK8yQlH3bipSTIqEoZmRaGcSSRAhP0Ij0NXIUEOmk+eFTeKoVD/qh0I8rmKt/J1IUSJkEru4MkBrLZS8T//P6sfKvnJTyKFaE4/kiP2ZQhTBLAXpUEKxYogFhQfWtEI+RQFjprBa2KDp5mf8iI0ZdgUSSPsWI547Oy15OZxU6jbpt1e27i1qzUSRXBsfgBJwBG1yCJrgFLdAGGMTgFbyBmTEz3o0P43PeWjKKmSOwUMb3L7CrpTI=</latexit><latexit sha1_base64="vWu6fGBsJGeg5+AIa3guasFuozo=">AAACI3icbZDLSsNAFIYn9VbrpVGXbgaL4MaSFEGXRTcuq9gLtLFMJpN26GQSZyZCDH0St/Zp3IkbFz6K4CTNwrYeGPj4/3M4Z343YlQqy/oySmvrG5tb5e3Kzu7eftU8OOzIMBaYtHHIQtFzkSSMctJWVDHSiwRBgctI153cZH73mQhJQ/6gkog4ARpx6lOMlJaGZvX6MY3OG1M4cIPQg/dDs2bVrbzgKtgF1EBRraH5M/BCHAeEK8yQlH3bipSTIqEoZmRaGcSSRAhP0Ij0NXIUEOmk+eFTeKoVD/qh0I8rmKt/J1IUSJkEru4MkBrLZS8T//P6sfKvnJTyKFaE4/kiP2ZQhTBLAXpUEKxYogFhQfWtEI+RQFjprBa2KDp5mf8iI0ZdgUSSPsWI547Oy15OZxU6jbpt1e27i1qzUSRXBsfgBJwBG1yCJrgFLdAGGMTgFbyBmTEz3o0P43PeWjKKmSOwUMb3L7CrpTI=</latexit><latexit sha1_base64="vWu6fGBsJGeg5+AIa3guasFuozo=">AAACI3icbZDLSsNAFIYn9VbrpVGXbgaL4MaSFEGXRTcuq9gLtLFMJpN26GQSZyZCDH0St/Zp3IkbFz6K4CTNwrYeGPj4/3M4Z343YlQqy/oySmvrG5tb5e3Kzu7eftU8OOzIMBaYtHHIQtFzkSSMctJWVDHSiwRBgctI153cZH73mQhJQ/6gkog4ARpx6lOMlJaGZvX6MY3OG1M4cIPQg/dDs2bVrbzgKtgF1EBRraH5M/BCHAeEK8yQlH3bipSTIqEoZmRaGcSSRAhP0Ij0NXIUEOmk+eFTeKoVD/qh0I8rmKt/J1IUSJkEru4MkBrLZS8T//P6sfKvnJTyKFaE4/kiP2ZQhTBLAXpUEKxYogFhQfWtEI+RQFjprBa2KDp5mf8iI0ZdgUSSPsWI547Oy15OZxU6jbpt1e27i1qzUSRXBsfgBJwBG1yCJrgFLdAGGMTgFbyBmTEz3o0P43PeWjKKmSOwUMb3L7CrpTI=</latexit><latexit sha1_base64="vWu6fGBsJGeg5+AIa3guasFuozo=">AAACI3icbZDLSsNAFIYn9VbrpVGXbgaL4MaSFEGXRTcuq9gLtLFMJpN26GQSZyZCDH0St/Zp3IkbFz6K4CTNwrYeGPj4/3M4Z343YlQqy/oySmvrG5tb5e3Kzu7eftU8OOzIMBaYtHHIQtFzkSSMctJWVDHSiwRBgctI153cZH73mQhJQ/6gkog4ARpx6lOMlJaGZvX6MY3OG1M4cIPQg/dDs2bVrbzgKtgF1EBRraH5M/BCHAeEK8yQlH3bipSTIqEoZmRaGcSSRAhP0Ij0NXIUEOmk+eFTeKoVD/qh0I8rmKt/J1IUSJkEru4MkBrLZS8T//P6sfKvnJTyKFaE4/kiP2ZQhTBLAXpUEKxYogFhQfWtEI+RQFjprBa2KDp5mf8iI0ZdgUSSPsWI547Oy15OZxU6jbpt1e27i1qzUSRXBsfgBJwBG1yCJrgFLdAGGMTgFbyBmTEz3o0P43PeWjKKmSOwUMb3L7CrpTI=</latexit>

Bp�1 mod R
<latexit sha1_base64="fq2OjqYCwKsDlgLeeC4jEnPIHYM=">AAACI3icbZDLSsNAFIYn9VbrpVGXbgaL4MaSFEGXRTcuq9gLtLFMJpN26GQSZyZCDH0St/Zp3IkbFz6K4CTNwrYeGPj4/3M4Z343YlQqy/oySmvrG5tb5e3Kzu7eftU8OOzIMBaYtHHIQtFzkSSMctJWVDHSiwRBgctI153cZH73mQhJQ/6gkog4ARpx6lOMlJaGZvX6MY3O7SkcuEHowfuhWbPqVl5wFewCaqCo1tD8GXghjgPCFWZIyr5tRcpJkVAUMzKtDGJJIoQnaET6GjkKiHTS/PApPNWKB/1Q6McVzNW/EykKpEwCV3cGSI3lspeJ/3n9WPlXTkp5FCvC8XyRHzOoQpilAD0qCFYs0YCwoPpWiMdIIKx0VgtbFJ28zH+REaOuQCJJn2LEc0fnZS+nswqdRt226vbdRa3ZKJIrg2NwAs6ADS5BE9yCFmgDDGLwCt7AzJgZ78aH8TlvLRnFzBFYKOP7F67zpTE=</latexit><latexit sha1_base64="fq2OjqYCwKsDlgLeeC4jEnPIHYM=">AAACI3icbZDLSsNAFIYn9VbrpVGXbgaL4MaSFEGXRTcuq9gLtLFMJpN26GQSZyZCDH0St/Zp3IkbFz6K4CTNwrYeGPj4/3M4Z343YlQqy/oySmvrG5tb5e3Kzu7eftU8OOzIMBaYtHHIQtFzkSSMctJWVDHSiwRBgctI153cZH73mQhJQ/6gkog4ARpx6lOMlJaGZvX6MY3O7SkcuEHowfuhWbPqVl5wFewCaqCo1tD8GXghjgPCFWZIyr5tRcpJkVAUMzKtDGJJIoQnaET6GjkKiHTS/PApPNWKB/1Q6McVzNW/EykKpEwCV3cGSI3lspeJ/3n9WPlXTkp5FCvC8XyRHzOoQpilAD0qCFYs0YCwoPpWiMdIIKx0VgtbFJ28zH+REaOuQCJJn2LEc0fnZS+nswqdRt226vbdRa3ZKJIrg2NwAs6ADS5BE9yCFmgDDGLwCt7AzJgZ78aH8TlvLRnFzBFYKOP7F67zpTE=</latexit><latexit sha1_base64="fq2OjqYCwKsDlgLeeC4jEnPIHYM=">AAACI3icbZDLSsNAFIYn9VbrpVGXbgaL4MaSFEGXRTcuq9gLtLFMJpN26GQSZyZCDH0St/Zp3IkbFz6K4CTNwrYeGPj4/3M4Z343YlQqy/oySmvrG5tb5e3Kzu7eftU8OOzIMBaYtHHIQtFzkSSMctJWVDHSiwRBgctI153cZH73mQhJQ/6gkog4ARpx6lOMlJaGZvX6MY3O7SkcuEHowfuhWbPqVl5wFewCaqCo1tD8GXghjgPCFWZIyr5tRcpJkVAUMzKtDGJJIoQnaET6GjkKiHTS/PApPNWKB/1Q6McVzNW/EykKpEwCV3cGSI3lspeJ/3n9WPlXTkp5FCvC8XyRHzOoQpilAD0qCFYs0YCwoPpWiMdIIKx0VgtbFJ28zH+REaOuQCJJn2LEc0fnZS+nswqdRt226vbdRa3ZKJIrg2NwAs6ADS5BE9yCFmgDDGLwCt7AzJgZ78aH8TlvLRnFzBFYKOP7F67zpTE=</latexit><latexit sha1_base64="fq2OjqYCwKsDlgLeeC4jEnPIHYM=">AAACI3icbZDLSsNAFIYn9VbrpVGXbgaL4MaSFEGXRTcuq9gLtLFMJpN26GQSZyZCDH0St/Zp3IkbFz6K4CTNwrYeGPj4/3M4Z343YlQqy/oySmvrG5tb5e3Kzu7eftU8OOzIMBaYtHHIQtFzkSSMctJWVDHSiwRBgctI153cZH73mQhJQ/6gkog4ARpx6lOMlJaGZvX6MY3O7SkcuEHowfuhWbPqVl5wFewCaqCo1tD8GXghjgPCFWZIyr5tRcpJkVAUMzKtDGJJIoQnaET6GjkKiHTS/PApPNWKB/1Q6McVzNW/EykKpEwCV3cGSI3lspeJ/3n9WPlXTkp5FCvC8XyRHzOoQpilAD0qCFYs0YCwoPpWiMdIIKx0VgtbFJ28zH+REaOuQCJJn2LEc0fnZS+nswqdRt226vbdRa3ZKJIrg2NwAs6ADS5BE9yCFmgDDGLwCt7AzJgZ78aH8TlvLRnFzBFYKOP7F67zpTE=</latexit>

f = gcd(B,R)
<latexit sha1_base64="VhhaGntnZrumLmyeg8NjNM5Ocu8=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBahgpSkFPQiFL14rGI/oI1ls9m0SzebsLtRSuj/8OJBEa/+F2/+G7dtDtr6YODx3gwz87yYM6Vt+9vKrayurW/kNwtb2zu7e8X9g5aKEklok0Q8kh0PK8qZoE3NNKedWFIcepy2vdH11G8/UqlYJO71OKZuiAeCBYxgbaSHAF2i3oD45aszdHfaL5bsij0DWiZORkqQodEvfvX8iCQhFZpwrFTXsWPtplhqRjidFHqJojEmIzygXUMFDqly09nVE3RiFB8FkTQlNJqpvydSHCo1Dj3TGWI9VIveVPzP6yY6uHBTJuJEU0Hmi4KEIx2haQTIZ5ISzceGYCKZuRWRIZaYaBNUwYTgLL68TFrVimNXnNtaqV7N4sjDERxDGRw4hzrcQAOaQEDCM7zCm/VkvVjv1se8NWdlM4fwB9bnD6COkJQ=</latexit><latexit sha1_base64="VhhaGntnZrumLmyeg8NjNM5Ocu8=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBahgpSkFPQiFL14rGI/oI1ls9m0SzebsLtRSuj/8OJBEa/+F2/+G7dtDtr6YODx3gwz87yYM6Vt+9vKrayurW/kNwtb2zu7e8X9g5aKEklok0Q8kh0PK8qZoE3NNKedWFIcepy2vdH11G8/UqlYJO71OKZuiAeCBYxgbaSHAF2i3oD45aszdHfaL5bsij0DWiZORkqQodEvfvX8iCQhFZpwrFTXsWPtplhqRjidFHqJojEmIzygXUMFDqly09nVE3RiFB8FkTQlNJqpvydSHCo1Dj3TGWI9VIveVPzP6yY6uHBTJuJEU0Hmi4KEIx2haQTIZ5ISzceGYCKZuRWRIZaYaBNUwYTgLL68TFrVimNXnNtaqV7N4sjDERxDGRw4hzrcQAOaQEDCM7zCm/VkvVjv1se8NWdlM4fwB9bnD6COkJQ=</latexit><latexit sha1_base64="VhhaGntnZrumLmyeg8NjNM5Ocu8=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBahgpSkFPQiFL14rGI/oI1ls9m0SzebsLtRSuj/8OJBEa/+F2/+G7dtDtr6YODx3gwz87yYM6Vt+9vKrayurW/kNwtb2zu7e8X9g5aKEklok0Q8kh0PK8qZoE3NNKedWFIcepy2vdH11G8/UqlYJO71OKZuiAeCBYxgbaSHAF2i3oD45aszdHfaL5bsij0DWiZORkqQodEvfvX8iCQhFZpwrFTXsWPtplhqRjidFHqJojEmIzygXUMFDqly09nVE3RiFB8FkTQlNJqpvydSHCo1Dj3TGWI9VIveVPzP6yY6uHBTJuJEU0Hmi4KEIx2haQTIZ5ISzceGYCKZuRWRIZaYaBNUwYTgLL68TFrVimNXnNtaqV7N4sjDERxDGRw4hzrcQAOaQEDCM7zCm/VkvVjv1se8NWdlM4fwB9bnD6COkJQ=</latexit><latexit sha1_base64="VhhaGntnZrumLmyeg8NjNM5Ocu8=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBahgpSkFPQiFL14rGI/oI1ls9m0SzebsLtRSuj/8OJBEa/+F2/+G7dtDtr6YODx3gwz87yYM6Vt+9vKrayurW/kNwtb2zu7e8X9g5aKEklok0Q8kh0PK8qZoE3NNKedWFIcepy2vdH11G8/UqlYJO71OKZuiAeCBYxgbaSHAF2i3oD45aszdHfaL5bsij0DWiZORkqQodEvfvX8iCQhFZpwrFTXsWPtplhqRjidFHqJojEmIzygXUMFDqly09nVE3RiFB8FkTQlNJqpvydSHCo1Dj3TGWI9VIveVPzP6yY6uHBTJuJEU0Hmi4KEIx2haQTIZ5ISzceGYCKZuRWRIZaYaBNUwYTgLL68TFrVimNXnNtaqV7N4sjDERxDGRw4hzrcQAOaQEDCM7zCm/VkvVjv1se8NWdlM4fwB9bnD6COkJQ=</latexit>

f = gcd(Bp/2 + 1, R)
<latexit sha1_base64="Zl8ubJPeIrKRnwopxfBbc8wsPDY=">AAAB/3icbVDLSgNBEOz1GeNrVfDiZTAIESXuBkEvQtCLxyjmAckaZmdnkyGzD2ZmhbDm4K948aCIV3/Dm3/jJNmDJhY0FFXddHe5MWdSWda3MTe/sLi0nFvJr66tb2yaW9t1GSWC0BqJeCSaLpaUs5DWFFOcNmNBceBy2nD7VyO/8UCFZFF4pwYxdQLcDZnPCFZa6pi7PrpA7S7xipf3aXxSHh7Zx+j2sGMWrJI1BpoldkYKkKHaMb/aXkSSgIaKcCxly7Zi5aRYKEY4HebbiaQxJn3cpS1NQxxQ6aTj+4foQCse8iOhK1RorP6eSHEg5SBwdWeAVU9OeyPxP6+VKP/cSVkYJ4qGZLLITzhSERqFgTwmKFF8oAkmgulbEelhgYnSkeV1CPb0y7OkXi7ZVsm+OS1UylkcOdiDfSiCDWdQgWuoQg0IPMIzvMKb8WS8GO/Gx6R1zshmduAPjM8fOwmTmA==</latexit><latexit sha1_base64="Zl8ubJPeIrKRnwopxfBbc8wsPDY=">AAAB/3icbVDLSgNBEOz1GeNrVfDiZTAIESXuBkEvQtCLxyjmAckaZmdnkyGzD2ZmhbDm4K948aCIV3/Dm3/jJNmDJhY0FFXddHe5MWdSWda3MTe/sLi0nFvJr66tb2yaW9t1GSWC0BqJeCSaLpaUs5DWFFOcNmNBceBy2nD7VyO/8UCFZFF4pwYxdQLcDZnPCFZa6pi7PrpA7S7xipf3aXxSHh7Zx+j2sGMWrJI1BpoldkYKkKHaMb/aXkSSgIaKcCxly7Zi5aRYKEY4HebbiaQxJn3cpS1NQxxQ6aTj+4foQCse8iOhK1RorP6eSHEg5SBwdWeAVU9OeyPxP6+VKP/cSVkYJ4qGZLLITzhSERqFgTwmKFF8oAkmgulbEelhgYnSkeV1CPb0y7OkXi7ZVsm+OS1UylkcOdiDfSiCDWdQgWuoQg0IPMIzvMKb8WS8GO/Gx6R1zshmduAPjM8fOwmTmA==</latexit><latexit sha1_base64="Zl8ubJPeIrKRnwopxfBbc8wsPDY=">AAAB/3icbVDLSgNBEOz1GeNrVfDiZTAIESXuBkEvQtCLxyjmAckaZmdnkyGzD2ZmhbDm4K948aCIV3/Dm3/jJNmDJhY0FFXddHe5MWdSWda3MTe/sLi0nFvJr66tb2yaW9t1GSWC0BqJeCSaLpaUs5DWFFOcNmNBceBy2nD7VyO/8UCFZFF4pwYxdQLcDZnPCFZa6pi7PrpA7S7xipf3aXxSHh7Zx+j2sGMWrJI1BpoldkYKkKHaMb/aXkSSgIaKcCxly7Zi5aRYKEY4HebbiaQxJn3cpS1NQxxQ6aTj+4foQCse8iOhK1RorP6eSHEg5SBwdWeAVU9OeyPxP6+VKP/cSVkYJ4qGZLLITzhSERqFgTwmKFF8oAkmgulbEelhgYnSkeV1CPb0y7OkXi7ZVsm+OS1UylkcOdiDfSiCDWdQgWuoQg0IPMIzvMKb8WS8GO/Gx6R1zshmduAPjM8fOwmTmA==</latexit><latexit sha1_base64="Zl8ubJPeIrKRnwopxfBbc8wsPDY=">AAAB/3icbVDLSgNBEOz1GeNrVfDiZTAIESXuBkEvQtCLxyjmAckaZmdnkyGzD2ZmhbDm4K948aCIV3/Dm3/jJNmDJhY0FFXddHe5MWdSWda3MTe/sLi0nFvJr66tb2yaW9t1GSWC0BqJeCSaLpaUs5DWFFOcNmNBceBy2nD7VyO/8UCFZFF4pwYxdQLcDZnPCFZa6pi7PrpA7S7xipf3aXxSHh7Zx+j2sGMWrJI1BpoldkYKkKHaMb/aXkSSgIaKcCxly7Zi5aRYKEY4HebbiaQxJn3cpS1NQxxQ6aTj+4foQCse8iOhK1RorP6eSHEg5SBwdWeAVU9OeyPxP6+VKP/cSVkYJ4qGZLLITzhSERqFgTwmKFF8oAkmgulbEelhgYnSkeV1CPb0y7OkXi7ZVsm+OS1UylkcOdiDfSiCDWdQgWuoQg0IPMIzvMKb8WS8GO/Gx6R1zshmduAPjM8fOwmTmA==</latexit>
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Period Finding I (Shor)

If B has period p modulo R, the unitary operator has:
• p Eigenstates

• with Eigenvalues

⇥B (mod R)
<latexit sha1_base64="Y8pUaiQnzIrFKEtDe7cRbkdWFlY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0mkoMeiF49V7Ac0oWw223bp7ibsTgol9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5USq4Ac/7dkobm1vbO+Xdyt7+weGRe3zSNkmmKWvRRCS6GxHDBFesBRwE66aaERkJ1onGd3O/M2Ha8EQ9wTRloSRDxQecErBS33UD4JIZfIuDVCYxfuy7Va/mLYDXiV+QKirQ7LtfQZzQTDIFVBBjer6XQpgTDZwKNqsEmWEpoWMyZD1LFbHrwnxx+QxfWCXGg0TbUoAX6u+JnEhjpjKynZLAyKx6c/E/r5fB4CbMuUozYIouFw0ygSHB8xhwzDWjIKaWEKq5vRXTEdGEgg2rYkPwV19eJ+2rmu/V/Id6tVEv4iijM3SOLpGPrlED3aMmaiGKJugZvaI3J3denHfnY9lacoqZU/QHzucPTRWSuw==</latexit><latexit sha1_base64="Y8pUaiQnzIrFKEtDe7cRbkdWFlY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0mkoMeiF49V7Ac0oWw223bp7ibsTgol9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5USq4Ac/7dkobm1vbO+Xdyt7+weGRe3zSNkmmKWvRRCS6GxHDBFesBRwE66aaERkJ1onGd3O/M2Ha8EQ9wTRloSRDxQecErBS33UD4JIZfIuDVCYxfuy7Va/mLYDXiV+QKirQ7LtfQZzQTDIFVBBjer6XQpgTDZwKNqsEmWEpoWMyZD1LFbHrwnxx+QxfWCXGg0TbUoAX6u+JnEhjpjKynZLAyKx6c/E/r5fB4CbMuUozYIouFw0ygSHB8xhwzDWjIKaWEKq5vRXTEdGEgg2rYkPwV19eJ+2rmu/V/Id6tVEv4iijM3SOLpGPrlED3aMmaiGKJugZvaI3J3denHfnY9lacoqZU/QHzucPTRWSuw==</latexit><latexit sha1_base64="Y8pUaiQnzIrFKEtDe7cRbkdWFlY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0mkoMeiF49V7Ac0oWw223bp7ibsTgol9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5USq4Ac/7dkobm1vbO+Xdyt7+weGRe3zSNkmmKWvRRCS6GxHDBFesBRwE66aaERkJ1onGd3O/M2Ha8EQ9wTRloSRDxQecErBS33UD4JIZfIuDVCYxfuy7Va/mLYDXiV+QKirQ7LtfQZzQTDIFVBBjer6XQpgTDZwKNqsEmWEpoWMyZD1LFbHrwnxx+QxfWCXGg0TbUoAX6u+JnEhjpjKynZLAyKx6c/E/r5fB4CbMuUozYIouFw0ygSHB8xhwzDWjIKaWEKq5vRXTEdGEgg2rYkPwV19eJ+2rmu/V/Id6tVEv4iijM3SOLpGPrlED3aMmaiGKJugZvaI3J3denHfnY9lacoqZU/QHzucPTRWSuw==</latexit><latexit sha1_base64="Y8pUaiQnzIrFKEtDe7cRbkdWFlY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0mkoMeiF49V7Ac0oWw223bp7ibsTgol9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5USq4Ac/7dkobm1vbO+Xdyt7+weGRe3zSNkmmKWvRRCS6GxHDBFesBRwE66aaERkJ1onGd3O/M2Ha8EQ9wTRloSRDxQecErBS33UD4JIZfIuDVCYxfuy7Va/mLYDXiV+QKirQ7LtfQZzQTDIFVBBjer6XQpgTDZwKNqsEmWEpoWMyZD1LFbHrwnxx+QxfWCXGg0TbUoAX6u+JnEhjpjKynZLAyKx6c/E/r5fB4CbMuUozYIouFw0ygSHB8xhwzDWjIKaWEKq5vRXTEdGEgg2rYkPwV19eJ+2rmu/V/Id6tVEv4iijM3SOLpGPrlED3aMmaiGKJugZvaI3J3denHfnY9lacoqZU/QHzucPTRWSuw==</latexit>

e2⇡is/p
<latexit sha1_base64="dgOMLZCAm99wc3kw0ttxnMtlZg8=">AAACJHicbZDLSsNAFIYnXmu9RV26GSyCq5qUgi4LblxWsBdoY5lMJ+3QyWScmRRi6Ju4tU/jTly48U0EJ2kWtvXAwMf/n8M58/uCUaUd58va2Nza3tkt7ZX3Dw6Pju2T07aKYolJC0cskl0fKcIoJy1NNSNdIQkKfUY6/uQu8ztTIhWN+KNOBPFCNOI0oBhpIw1smzyltb6gkEIFr6GYDeyKU3XyguvgFlABRTUH9k9/GOE4JFxjhpTquY7QXoqkppiRWbkfKyIQnqAR6RnkKCTKS/PLZ/DSKEMYRNI8rmGu/p1IUahUEvqmM0R6rFa9TPzP68U6uPVSykWsCceLRUHMoI5gFgMcUkmwZokBhCU1t0I8RhJhbcJa2qLp5GXxi4wY9SWSSfocI547Ji93NZ11aNeqrlN1H+qVRr1IrgTOwQW4Ai64AQ1wD5qgBTCYglfwBubW3Hq3PqzPReuGVcycgaWyvn8BG6GlZA==</latexit><latexit sha1_base64="dgOMLZCAm99wc3kw0ttxnMtlZg8=">AAACJHicbZDLSsNAFIYnXmu9RV26GSyCq5qUgi4LblxWsBdoY5lMJ+3QyWScmRRi6Ju4tU/jTly48U0EJ2kWtvXAwMf/n8M58/uCUaUd58va2Nza3tkt7ZX3Dw6Pju2T07aKYolJC0cskl0fKcIoJy1NNSNdIQkKfUY6/uQu8ztTIhWN+KNOBPFCNOI0oBhpIw1smzyltb6gkEIFr6GYDeyKU3XyguvgFlABRTUH9k9/GOE4JFxjhpTquY7QXoqkppiRWbkfKyIQnqAR6RnkKCTKS/PLZ/DSKEMYRNI8rmGu/p1IUahUEvqmM0R6rFa9TPzP68U6uPVSykWsCceLRUHMoI5gFgMcUkmwZokBhCU1t0I8RhJhbcJa2qLp5GXxi4wY9SWSSfocI547Ji93NZ11aNeqrlN1H+qVRr1IrgTOwQW4Ai64AQ1wD5qgBTCYglfwBubW3Hq3PqzPReuGVcycgaWyvn8BG6GlZA==</latexit><latexit sha1_base64="dgOMLZCAm99wc3kw0ttxnMtlZg8=">AAACJHicbZDLSsNAFIYnXmu9RV26GSyCq5qUgi4LblxWsBdoY5lMJ+3QyWScmRRi6Ju4tU/jTly48U0EJ2kWtvXAwMf/n8M58/uCUaUd58va2Nza3tkt7ZX3Dw6Pju2T07aKYolJC0cskl0fKcIoJy1NNSNdIQkKfUY6/uQu8ztTIhWN+KNOBPFCNOI0oBhpIw1smzyltb6gkEIFr6GYDeyKU3XyguvgFlABRTUH9k9/GOE4JFxjhpTquY7QXoqkppiRWbkfKyIQnqAR6RnkKCTKS/PLZ/DSKEMYRNI8rmGu/p1IUahUEvqmM0R6rFa9TPzP68U6uPVSykWsCceLRUHMoI5gFgMcUkmwZokBhCU1t0I8RhJhbcJa2qLp5GXxi4wY9SWSSfocI547Ji93NZ11aNeqrlN1H+qVRr1IrgTOwQW4Ai64AQ1wD5qgBTCYglfwBubW3Hq3PqzPReuGVcycgaWyvn8BG6GlZA==</latexit><latexit sha1_base64="dgOMLZCAm99wc3kw0ttxnMtlZg8=">AAACJHicbZDLSsNAFIYnXmu9RV26GSyCq5qUgi4LblxWsBdoY5lMJ+3QyWScmRRi6Ju4tU/jTly48U0EJ2kWtvXAwMf/n8M58/uCUaUd58va2Nza3tkt7ZX3Dw6Pju2T07aKYolJC0cskl0fKcIoJy1NNSNdIQkKfUY6/uQu8ztTIhWN+KNOBPFCNOI0oBhpIw1smzyltb6gkEIFr6GYDeyKU3XyguvgFlABRTUH9k9/GOE4JFxjhpTquY7QXoqkppiRWbkfKyIQnqAR6RnkKCTKS/PLZ/DSKEMYRNI8rmGu/p1IUahUEvqmM0R6rFa9TPzP68U6uPVSykWsCceLRUHMoI5gFgMcUkmwZokBhCU1t0I8RhJhbcJa2qLp5GXxi4wY9SWSSfocI547Ji93NZ11aNeqrlN1H+qVRr1IrgTOwQW4Ai64AQ1wD5qgBTCYglfwBubW3Hq3PqzPReuGVcycgaWyvn8BG6GlZA==</latexit>

|usi =
1
p
p

p�1X

k=0

e�2⇡iks/p
��Bk mod R

↵

<latexit sha1_base64="KipTRkZRncwMEJICRdyS9WKzu7o="></latexit><latexit sha1_base64="KipTRkZRncwMEJICRdyS9WKzu7o="></latexit><latexit sha1_base64="KipTRkZRncwMEJICRdyS9WKzu7o="></latexit><latexit sha1_base64="KipTRkZRncwMEJICRdyS9WKzu7o="></latexit>

Need phase to determine the period p,
but need the period p to create . |usi

<latexit sha1_base64="MWTciSVYj2YisUNZT0NfM3fq+I8=">AAACG3icbVBNS8NAEN3Ur1q/qh69BIvgqSRS0GPBi8cK9kPaUDbbTbtkdxN3J0IM/RVe7a/xJl49+GMEN20OtvXBwOO9GWbm+TFnGhzn2yptbG5t75R3K3v7B4dH1eOTjo4SRWibRDxSPR9rypmkbWDAaS9WFAuf064f3uZ+95kqzSL5AGlMPYHHkgWMYDDS4yCkkCVDPR1Wa07dmcNeJ25BaqhAa1j9GYwikggqgXCsdd91YvAyrIARTqeVQaJpjEmIx7RvqMSCai+bHzy1L4wysoNImZJgz9W/ExkWWqfCN50Cw0Svern4n9dPILjxMibjBKgki0VBwm2I7Px7e8QUJcBTQzBRzNxqkwlWmIDJaGkLsPBl8UXOOPMVVmn2lGA5d0xe7mo666RzVXedunvfqDUbRXJldIbO0SVy0TVqojvUQm1EkECv6A3NrJn1bn1Yn4vWklXMnKIlWF+/aZyjrw==</latexit><latexit sha1_base64="MWTciSVYj2YisUNZT0NfM3fq+I8=">AAACG3icbVBNS8NAEN3Ur1q/qh69BIvgqSRS0GPBi8cK9kPaUDbbTbtkdxN3J0IM/RVe7a/xJl49+GMEN20OtvXBwOO9GWbm+TFnGhzn2yptbG5t75R3K3v7B4dH1eOTjo4SRWibRDxSPR9rypmkbWDAaS9WFAuf064f3uZ+95kqzSL5AGlMPYHHkgWMYDDS4yCkkCVDPR1Wa07dmcNeJ25BaqhAa1j9GYwikggqgXCsdd91YvAyrIARTqeVQaJpjEmIx7RvqMSCai+bHzy1L4wysoNImZJgz9W/ExkWWqfCN50Cw0Svern4n9dPILjxMibjBKgki0VBwm2I7Px7e8QUJcBTQzBRzNxqkwlWmIDJaGkLsPBl8UXOOPMVVmn2lGA5d0xe7mo666RzVXedunvfqDUbRXJldIbO0SVy0TVqojvUQm1EkECv6A3NrJn1bn1Yn4vWklXMnKIlWF+/aZyjrw==</latexit><latexit sha1_base64="MWTciSVYj2YisUNZT0NfM3fq+I8=">AAACG3icbVBNS8NAEN3Ur1q/qh69BIvgqSRS0GPBi8cK9kPaUDbbTbtkdxN3J0IM/RVe7a/xJl49+GMEN20OtvXBwOO9GWbm+TFnGhzn2yptbG5t75R3K3v7B4dH1eOTjo4SRWibRDxSPR9rypmkbWDAaS9WFAuf064f3uZ+95kqzSL5AGlMPYHHkgWMYDDS4yCkkCVDPR1Wa07dmcNeJ25BaqhAa1j9GYwikggqgXCsdd91YvAyrIARTqeVQaJpjEmIx7RvqMSCai+bHzy1L4wysoNImZJgz9W/ExkWWqfCN50Cw0Svern4n9dPILjxMibjBKgki0VBwm2I7Px7e8QUJcBTQzBRzNxqkwlWmIDJaGkLsPBl8UXOOPMVVmn2lGA5d0xe7mo666RzVXedunvfqDUbRXJldIbO0SVy0TVqojvUQm1EkECv6A3NrJn1bn1Yn4vWklXMnKIlWF+/aZyjrw==</latexit><latexit sha1_base64="MWTciSVYj2YisUNZT0NfM3fq+I8=">AAACG3icbVBNS8NAEN3Ur1q/qh69BIvgqSRS0GPBi8cK9kPaUDbbTbtkdxN3J0IM/RVe7a/xJl49+GMEN20OtvXBwOO9GWbm+TFnGhzn2yptbG5t75R3K3v7B4dH1eOTjo4SRWibRDxSPR9rypmkbWDAaS9WFAuf064f3uZ+95kqzSL5AGlMPYHHkgWMYDDS4yCkkCVDPR1Wa07dmcNeJ25BaqhAa1j9GYwikggqgXCsdd91YvAyrIARTqeVQaJpjEmIx7RvqMSCai+bHzy1L4wysoNImZJgz9W/ExkWWqfCN50Cw0Svern4n9dPILjxMibjBKgki0VBwm2I7Px7e8QUJcBTQzBRzNxqkwlWmIDJaGkLsPBl8UXOOPMVVmn2lGA5d0xe7mo666RzVXedunvfqDUbRXJldIbO0SVy0TVqojvUQm1EkECv6A3NrJn1bn1Yn4vWklXMnKIlWF+/aZyjrw==</latexit>

s/p
<latexit sha1_base64="zTpek9Fc3XV2wf9ObEG8wwSqjGo=">AAACFXicbVBNS8NAEN3Ur1q/qh69LBbBU02koMeCF48VbSu0oUy2m3bpZhN3N0IM/Qle7a/xJl49+2MEN2kOtvXBwOO9GWbmeRFnStv2t1VaW9/Y3CpvV3Z29/YPqodHHRXGktA2CXkoHz1QlDNB25ppTh8jSSHwOO16k5vM7z5TqVgoHnQSUTeAkWA+I6CNdK8uokG1ZtftHHiVOAWpoQKtQfWnPwxJHFChCQeleo4daTcFqRnhdFrpx4pGQCYwoj1DBQRUuWl+6hSfGWWI/VCaEhrn6t+JFAKlksAznQHosVr2MvE/rxdr/9pNmYhiTQWZL/JjjnWIs7/xkElKNE8MASKZuRWTMUgg2qSzsEWzycv8i4xx5kmQSfoUg8gdk5eznM4q6VzWHbvu3DVqzUaRXBmdoFN0jhx0hZroFrVQGxE0Qq/oDc2smfVufVif89aSVcwcowVYX7/FuaCm</latexit><latexit sha1_base64="zTpek9Fc3XV2wf9ObEG8wwSqjGo=">AAACFXicbVBNS8NAEN3Ur1q/qh69LBbBU02koMeCF48VbSu0oUy2m3bpZhN3N0IM/Qle7a/xJl49+2MEN2kOtvXBwOO9GWbmeRFnStv2t1VaW9/Y3CpvV3Z29/YPqodHHRXGktA2CXkoHz1QlDNB25ppTh8jSSHwOO16k5vM7z5TqVgoHnQSUTeAkWA+I6CNdK8uokG1ZtftHHiVOAWpoQKtQfWnPwxJHFChCQeleo4daTcFqRnhdFrpx4pGQCYwoj1DBQRUuWl+6hSfGWWI/VCaEhrn6t+JFAKlksAznQHosVr2MvE/rxdr/9pNmYhiTQWZL/JjjnWIs7/xkElKNE8MASKZuRWTMUgg2qSzsEWzycv8i4xx5kmQSfoUg8gdk5eznM4q6VzWHbvu3DVqzUaRXBmdoFN0jhx0hZroFrVQGxE0Qq/oDc2smfVufVif89aSVcwcowVYX7/FuaCm</latexit><latexit sha1_base64="zTpek9Fc3XV2wf9ObEG8wwSqjGo=">AAACFXicbVBNS8NAEN3Ur1q/qh69LBbBU02koMeCF48VbSu0oUy2m3bpZhN3N0IM/Qle7a/xJl49+2MEN2kOtvXBwOO9GWbmeRFnStv2t1VaW9/Y3CpvV3Z29/YPqodHHRXGktA2CXkoHz1QlDNB25ppTh8jSSHwOO16k5vM7z5TqVgoHnQSUTeAkWA+I6CNdK8uokG1ZtftHHiVOAWpoQKtQfWnPwxJHFChCQeleo4daTcFqRnhdFrpx4pGQCYwoj1DBQRUuWl+6hSfGWWI/VCaEhrn6t+JFAKlksAznQHosVr2MvE/rxdr/9pNmYhiTQWZL/JjjnWIs7/xkElKNE8MASKZuRWTMUgg2qSzsEWzycv8i4xx5kmQSfoUg8gdk5eznM4q6VzWHbvu3DVqzUaRXBmdoFN0jhx0hZroFrVQGxE0Qq/oDc2smfVufVif89aSVcwcowVYX7/FuaCm</latexit><latexit sha1_base64="zTpek9Fc3XV2wf9ObEG8wwSqjGo=">AAACFXicbVBNS8NAEN3Ur1q/qh69LBbBU02koMeCF48VbSu0oUy2m3bpZhN3N0IM/Qle7a/xJl49+2MEN2kOtvXBwOO9GWbmeRFnStv2t1VaW9/Y3CpvV3Z29/YPqodHHRXGktA2CXkoHz1QlDNB25ppTh8jSSHwOO16k5vM7z5TqVgoHnQSUTeAkWA+I6CNdK8uokG1ZtftHHiVOAWpoQKtQfWnPwxJHFChCQeleo4daTcFqRnhdFrpx4pGQCYwoj1DBQRUuWl+6hSfGWWI/VCaEhrn6t+JFAKlksAznQHosVr2MvE/rxdr/9pNmYhiTQWZL/JjjnWIs7/xkElKNE8MASKZuRWTMUgg2qSzsEWzycv8i4xx5kmQSfoUg8gdk5eznM4q6VzWHbvu3DVqzUaRXBmdoFN0jhx0hZroFrVQGxE0Qq/oDc2smfVufVif89aSVcwcowVYX7/FuaCm</latexit>

Phase Estimation!

Start in !! |1i = 1
p
p

p�1X

s=0

|usi
<latexit sha1_base64="/syD7RbJfTKcxeS6b0JxsrtAY30="></latexit><latexit sha1_base64="/syD7RbJfTKcxeS6b0JxsrtAY30="></latexit><latexit sha1_base64="/syD7RbJfTKcxeS6b0JxsrtAY30="></latexit><latexit sha1_base64="/syD7RbJfTKcxeS6b0JxsrtAY30="></latexit>

5k mod 21:

|5i ! |4i ! |20i ! |16i ! |17i ! |1i
<latexit sha1_base64="6gM+6aW3BMJ/XrYsQs5AOf3AMWw="></latexit><latexit sha1_base64="6gM+6aW3BMJ/XrYsQs5AOf3AMWw="></latexit><latexit sha1_base64="6gM+6aW3BMJ/XrYsQs5AOf3AMWw="></latexit><latexit sha1_base64="6gM+6aW3BMJ/XrYsQs5AOf3AMWw="></latexit>
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Period Finding II (Shor)
Phase
gives incorrect period
⇒ fail ⇒ repeat

s/p ⇡ 2/6 = 1/3
<latexit sha1_base64="kPQv+uWPweZK6Ss52YmnxiD+GRA=">AAACKXicbZDLSgMxFIYz9VbrbVRcuQkWwVU7U0XdCAU3LivYC7SlnEnTNjSTiUlGrEMfxq19Gnfq1ucQTC8L23og8PH/53BO/kBypo3nfTqpldW19Y30ZmZre2d3z90/qOgoVoSWScQjVQtAU84ELRtmOK1JRSEMOK0G/duxX32iSrNIPJiBpM0QuoJ1GAFjpZZ7pPMSN0BKFT3jQv4S32A/f95ys17OmxReBn8GWTSrUsv9abQjEodUGMJB67rvSdNMQBlGOB1mGrGmEkgfurRuUUBIdTOZnD/Ep1Zp406k7BMGT9S/EwmEWg/CwHaGYHp60RuL/3n12HSumwkTMjZUkOmiTsyxifA4C9xmihLDBxaAKGZvxaQHCoixic1tMaz/Mv3FmDgLFKhB8hiDmDg2L38xnWWoFHK+l/PvL7LFwiy5NDpGJ+gM+egKFdEdKqEyIihBr+gNjZyR8+58OF/T1pQzmzlEc+V8/wJTRKZm</latexit><latexit sha1_base64="kPQv+uWPweZK6Ss52YmnxiD+GRA=">AAACKXicbZDLSgMxFIYz9VbrbVRcuQkWwVU7U0XdCAU3LivYC7SlnEnTNjSTiUlGrEMfxq19Gnfq1ucQTC8L23og8PH/53BO/kBypo3nfTqpldW19Y30ZmZre2d3z90/qOgoVoSWScQjVQtAU84ELRtmOK1JRSEMOK0G/duxX32iSrNIPJiBpM0QuoJ1GAFjpZZ7pPMSN0BKFT3jQv4S32A/f95ys17OmxReBn8GWTSrUsv9abQjEodUGMJB67rvSdNMQBlGOB1mGrGmEkgfurRuUUBIdTOZnD/Ep1Zp406k7BMGT9S/EwmEWg/CwHaGYHp60RuL/3n12HSumwkTMjZUkOmiTsyxifA4C9xmihLDBxaAKGZvxaQHCoixic1tMaz/Mv3FmDgLFKhB8hiDmDg2L38xnWWoFHK+l/PvL7LFwiy5NDpGJ+gM+egKFdEdKqEyIihBr+gNjZyR8+58OF/T1pQzmzlEc+V8/wJTRKZm</latexit><latexit sha1_base64="kPQv+uWPweZK6Ss52YmnxiD+GRA=">AAACKXicbZDLSgMxFIYz9VbrbVRcuQkWwVU7U0XdCAU3LivYC7SlnEnTNjSTiUlGrEMfxq19Gnfq1ucQTC8L23og8PH/53BO/kBypo3nfTqpldW19Y30ZmZre2d3z90/qOgoVoSWScQjVQtAU84ELRtmOK1JRSEMOK0G/duxX32iSrNIPJiBpM0QuoJ1GAFjpZZ7pPMSN0BKFT3jQv4S32A/f95ys17OmxReBn8GWTSrUsv9abQjEodUGMJB67rvSdNMQBlGOB1mGrGmEkgfurRuUUBIdTOZnD/Ep1Zp406k7BMGT9S/EwmEWg/CwHaGYHp60RuL/3n12HSumwkTMjZUkOmiTsyxifA4C9xmihLDBxaAKGZvxaQHCoixic1tMaz/Mv3FmDgLFKhB8hiDmDg2L38xnWWoFHK+l/PvL7LFwiy5NDpGJ+gM+egKFdEdKqEyIihBr+gNjZyR8+58OF/T1pQzmzlEc+V8/wJTRKZm</latexit><latexit sha1_base64="kPQv+uWPweZK6Ss52YmnxiD+GRA=">AAACKXicbZDLSgMxFIYz9VbrbVRcuQkWwVU7U0XdCAU3LivYC7SlnEnTNjSTiUlGrEMfxq19Gnfq1ucQTC8L23og8PH/53BO/kBypo3nfTqpldW19Y30ZmZre2d3z90/qOgoVoSWScQjVQtAU84ELRtmOK1JRSEMOK0G/duxX32iSrNIPJiBpM0QuoJ1GAFjpZZ7pPMSN0BKFT3jQv4S32A/f95ys17OmxReBn8GWTSrUsv9abQjEodUGMJB67rvSdNMQBlGOB1mGrGmEkgfurRuUUBIdTOZnD/Ep1Zp406k7BMGT9S/EwmEWg/CwHaGYHp60RuL/3n12HSumwkTMjZUkOmiTsyxifA4C9xmihLDBxaAKGZvxaQHCoixic1tMaz/Mv3FmDgLFKhB8hiDmDg2L38xnWWoFHK+l/PvL7LFwiy5NDpGJ+gM+egKFdEdKqEyIihBr+gNjZyR8+58OF/T1pQzmzlEc+V8/wJTRKZm</latexit>

Phase

Use continued fractions 
to find the “real fraction”

427/512 ⇡ 5/6
<latexit sha1_base64="tNa7nbQ+Tu3EKt3LzGnQkOdVh/4=">AAACJnicbZDLTgIxFIY7XhFviEs3jcTEFcwQEJckblxiIpcEJuRM6UBDpzO2HQNOeBW38jTujHHni5hYLgsBT9Lky/+fk3P6exFnStv2l7W1vbO7t586SB8eHZ+cZs6yDRXGktA6CXkoWx4oypmgdc00p61IUgg8Tpve8G7mN5+pVCwUj3ocUTeAvmA+I6CN1M1kS8VKoewUOxBFMhzhcuGmm8nZeXteeBOcJeTQsmrdzE+nF5I4oEITDkq1HTvSbgJSM8LpJN2JFY2ADKFP2wYFBFS5yfz2Cb4ySg/7oTRPaDxX/04kECg1DjzTGYAeqHVvJv7ntWPt37oJE1GsqSCLRX7MsQ7xLAjcY5ISzccGgEhmbsVkABKINnGtbNFs+LL4xYw48yTIcfIUg5g7Ji9nPZ1NaBTzjp13Hkq5anGZXApdoEt0jRxUQVV0j2qojggaoVf0hqbW1Hq3PqzPReuWtZw5Rytlff8CVvelbQ==</latexit><latexit sha1_base64="tNa7nbQ+Tu3EKt3LzGnQkOdVh/4=">AAACJnicbZDLTgIxFIY7XhFviEs3jcTEFcwQEJckblxiIpcEJuRM6UBDpzO2HQNOeBW38jTujHHni5hYLgsBT9Lky/+fk3P6exFnStv2l7W1vbO7t586SB8eHZ+cZs6yDRXGktA6CXkoWx4oypmgdc00p61IUgg8Tpve8G7mN5+pVCwUj3ocUTeAvmA+I6CN1M1kS8VKoewUOxBFMhzhcuGmm8nZeXteeBOcJeTQsmrdzE+nF5I4oEITDkq1HTvSbgJSM8LpJN2JFY2ADKFP2wYFBFS5yfz2Cb4ySg/7oTRPaDxX/04kECg1DjzTGYAeqHVvJv7ntWPt37oJE1GsqSCLRX7MsQ7xLAjcY5ISzccGgEhmbsVkABKINnGtbNFs+LL4xYw48yTIcfIUg5g7Ji9nPZ1NaBTzjp13Hkq5anGZXApdoEt0jRxUQVV0j2qojggaoVf0hqbW1Hq3PqzPReuWtZw5Rytlff8CVvelbQ==</latexit><latexit sha1_base64="tNa7nbQ+Tu3EKt3LzGnQkOdVh/4=">AAACJnicbZDLTgIxFIY7XhFviEs3jcTEFcwQEJckblxiIpcEJuRM6UBDpzO2HQNOeBW38jTujHHni5hYLgsBT9Lky/+fk3P6exFnStv2l7W1vbO7t586SB8eHZ+cZs6yDRXGktA6CXkoWx4oypmgdc00p61IUgg8Tpve8G7mN5+pVCwUj3ocUTeAvmA+I6CN1M1kS8VKoewUOxBFMhzhcuGmm8nZeXteeBOcJeTQsmrdzE+nF5I4oEITDkq1HTvSbgJSM8LpJN2JFY2ADKFP2wYFBFS5yfz2Cb4ySg/7oTRPaDxX/04kECg1DjzTGYAeqHVvJv7ntWPt37oJE1GsqSCLRX7MsQ7xLAjcY5ISzccGgEhmbsVkABKINnGtbNFs+LL4xYw48yTIcfIUg5g7Ji9nPZ1NaBTzjp13Hkq5anGZXApdoEt0jRxUQVV0j2qojggaoVf0hqbW1Hq3PqzPReuWtZw5Rytlff8CVvelbQ==</latexit><latexit sha1_base64="tNa7nbQ+Tu3EKt3LzGnQkOdVh/4=">AAACJnicbZDLTgIxFIY7XhFviEs3jcTEFcwQEJckblxiIpcEJuRM6UBDpzO2HQNOeBW38jTujHHni5hYLgsBT9Lky/+fk3P6exFnStv2l7W1vbO7t586SB8eHZ+cZs6yDRXGktA6CXkoWx4oypmgdc00p61IUgg8Tpve8G7mN5+pVCwUj3ocUTeAvmA+I6CN1M1kS8VKoewUOxBFMhzhcuGmm8nZeXteeBOcJeTQsmrdzE+nF5I4oEITDkq1HTvSbgJSM8LpJN2JFY2ADKFP2wYFBFS5yfz2Cb4ySg/7oTRPaDxX/04kECg1DjzTGYAeqHVvJv7ntWPt37oJE1GsqSCLRX7MsQ7xLAjcY5ISzccGgEhmbsVkABKINnGtbNFs+LL4xYw48yTIcfIUg5g7Ji9nPZ1NaBTzjp13Hkq5anGZXApdoEt0jRxUQVV0j2qojggaoVf0hqbW1Hq3PqzPReuWtZw5Rytlff8CVvelbQ==</latexit>

from fractions import Fraction

phase = Fraction(
int(“110101011”, 2),
2**9)

print(phase.limit_denominator(21))
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Extra square roots (Shor)

If R is composite and not a prime power, 
the number 1 has at least four square roots modulo R (not only 1, -1):

Bp ⌘ 1 (mod R)

Bp/2 ·Bp/2 ⌘ 1 (mod R)

(Bp/2 � 1) · (Bp/2 + 1) ⌘ 0 (mod R)
<latexit sha1_base64="WtXM4AJmWTpB/r8X3ArudspQ+v0="></latexit><latexit sha1_base64="WtXM4AJmWTpB/r8X3ArudspQ+v0="></latexit><latexit sha1_base64="WtXM4AJmWTpB/r8X3ArudspQ+v0="></latexit><latexit sha1_base64="WtXM4AJmWTpB/r8X3ArudspQ+v0="></latexit>

Bp/2 + 1 6⌘ 0 (mod R)
<latexit sha1_base64="O13cav2SX82JP3wDC2R7f/hBf1E="></latexit><latexit sha1_base64="O13cav2SX82JP3wDC2R7f/hBf1E="></latexit><latexit sha1_base64="O13cav2SX82JP3wDC2R7f/hBf1E="></latexit><latexit sha1_base64="O13cav2SX82JP3wDC2R7f/hBf1E="></latexit>

Want / hope for:
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Integer Factorization (Shor)
Given n-bit integer R, find a proper factor f

Classical Part:
Pre- / Post-Processing, Loop
1. Discard “simple” cases:

R even, R prime, R prime power
2. Randomly choose 0 < B < R

• check

3. Compute period p of B

4. If p is even:
• check

5. Repeat if necessary (~ prob. 0.75)

Quantum Part:
Find Period p of 
Bx ⌘ 1 (mod R)

<latexit sha1_base64="3YPoiaJWPtphd0oAf3LkmX1DXZA=">AAACKHicbZDLSsNAFIYnXmu9xcvOzWARXJWkCLosunFZxV6giWUynbZDJ5N0ZlJMQ9/FrX0ad9Kt7yE4SbOwrQcGPv7/HM6Z3wsZlcqy5sbG5tb2zm5hr7h/cHh0bJ6cNmQQCUzqOGCBaHlIEkY5qSuqGGmFgiDfY6TpDR9SvzkmQtKAv6g4JK6P+pz2KEZKSx3z/P71DTpkFNExtKET+kEXPnfMklW2soLrYOdQAnnVOuaP0w1w5BOuMENStm0rVG6ChKKYkWnRiSQJER6iPmlr5Mgn0k2y66fwSitd2AuEflzBTP07kSBfytj3dKeP1ECueqn4n9eOVO/OTSgPI0U4XizqRQyqAKZRwC4VBCsWa0BYUH0rxAMkEFY6sKUtig4ni1+kxKgnkIiTUYR45ui87NV01qFRKdtW2X66KVUreXIFcAEuwTWwwS2ogkdQA3WAwQS8gw8wM2bGp/FlzBetG0Y+cwaWyvj+BWofpxo=</latexit><latexit sha1_base64="3YPoiaJWPtphd0oAf3LkmX1DXZA=">AAACKHicbZDLSsNAFIYnXmu9xcvOzWARXJWkCLosunFZxV6giWUynbZDJ5N0ZlJMQ9/FrX0ad9Kt7yE4SbOwrQcGPv7/HM6Z3wsZlcqy5sbG5tb2zm5hr7h/cHh0bJ6cNmQQCUzqOGCBaHlIEkY5qSuqGGmFgiDfY6TpDR9SvzkmQtKAv6g4JK6P+pz2KEZKSx3z/P71DTpkFNExtKET+kEXPnfMklW2soLrYOdQAnnVOuaP0w1w5BOuMENStm0rVG6ChKKYkWnRiSQJER6iPmlr5Mgn0k2y66fwSitd2AuEflzBTP07kSBfytj3dKeP1ECueqn4n9eOVO/OTSgPI0U4XizqRQyqAKZRwC4VBCsWa0BYUH0rxAMkEFY6sKUtig4ni1+kxKgnkIiTUYR45ui87NV01qFRKdtW2X66KVUreXIFcAEuwTWwwS2ogkdQA3WAwQS8gw8wM2bGp/FlzBetG0Y+cwaWyvj+BWofpxo=</latexit><latexit sha1_base64="3YPoiaJWPtphd0oAf3LkmX1DXZA=">AAACKHicbZDLSsNAFIYnXmu9xcvOzWARXJWkCLosunFZxV6giWUynbZDJ5N0ZlJMQ9/FrX0ad9Kt7yE4SbOwrQcGPv7/HM6Z3wsZlcqy5sbG5tb2zm5hr7h/cHh0bJ6cNmQQCUzqOGCBaHlIEkY5qSuqGGmFgiDfY6TpDR9SvzkmQtKAv6g4JK6P+pz2KEZKSx3z/P71DTpkFNExtKET+kEXPnfMklW2soLrYOdQAnnVOuaP0w1w5BOuMENStm0rVG6ChKKYkWnRiSQJER6iPmlr5Mgn0k2y66fwSitd2AuEflzBTP07kSBfytj3dKeP1ECueqn4n9eOVO/OTSgPI0U4XizqRQyqAKZRwC4VBCsWa0BYUH0rxAMkEFY6sKUtig4ni1+kxKgnkIiTUYR45ui87NV01qFRKdtW2X66KVUreXIFcAEuwTWwwS2ogkdQA3WAwQS8gw8wM2bGp/FlzBetG0Y+cwaWyvj+BWofpxo=</latexit><latexit sha1_base64="3YPoiaJWPtphd0oAf3LkmX1DXZA=">AAACKHicbZDLSsNAFIYnXmu9xcvOzWARXJWkCLosunFZxV6giWUynbZDJ5N0ZlJMQ9/FrX0ad9Kt7yE4SbOwrQcGPv7/HM6Z3wsZlcqy5sbG5tb2zm5hr7h/cHh0bJ6cNmQQCUzqOGCBaHlIEkY5qSuqGGmFgiDfY6TpDR9SvzkmQtKAv6g4JK6P+pz2KEZKSx3z/P71DTpkFNExtKET+kEXPnfMklW2soLrYOdQAnnVOuaP0w1w5BOuMENStm0rVG6ChKKYkWnRiSQJER6iPmlr5Mgn0k2y66fwSitd2AuEflzBTP07kSBfytj3dKeP1ECueqn4n9eOVO/OTSgPI0U4XizqRQyqAKZRwC4VBCsWa0BYUH0rxAMkEFY6sKUtig4ni1+kxKgnkIiTUYR45ui87NV01qFRKdtW2X66KVUreXIFcAEuwTWwwS2ogkdQA3WAwQS8gw8wM2bGp/FlzBetG0Y+cwaWyvj+BWofpxo=</latexit>

1
<latexit sha1_base64="b16WkeRTsOqYyT8wzXjiiqMVPU0=">AAACE3icbVDLSsNAFJ3UV62vqks3g0VwVZIi6LLgxmUL9gFtKJPpTTt0MokzEyGGfoFb+zXuxK0f4McITtIsbOuBC4dz7uXee7yIM6Vt+9sqbW3v7O6V9ysHh0fHJ9XTs64KY0mhQ0Meyr5HFHAmoKOZ5tCPJJDA49DzZveZ33sGqVgoHnUSgRuQiWA+o0Qbqe2MqjW7bufAm8QpSA0VaI2qP8NxSOMAhKacKDVw7Ei7KZGaUQ7zyjBWEBE6IxMYGCpIAMpN80Pn+MooY+yH0pTQOFf/TqQkUCoJPNMZED1V614m/ucNYu3fuSkTUaxB0OUiP+ZYhzj7Go+ZBKp5YgihkplbMZ0SSag22axs0Wz2svwiY5x5ksgkfYqJyB2Tl7OezibpNuqOXXfaN7Vmo0iujC7QJbpGDrpFTfSAWqiDKAL0it7QwlpY79aH9blsLVnFzDlagfX1C/79n68=</latexit><latexit sha1_base64="b16WkeRTsOqYyT8wzXjiiqMVPU0=">AAACE3icbVDLSsNAFJ3UV62vqks3g0VwVZIi6LLgxmUL9gFtKJPpTTt0MokzEyGGfoFb+zXuxK0f4McITtIsbOuBC4dz7uXee7yIM6Vt+9sqbW3v7O6V9ysHh0fHJ9XTs64KY0mhQ0Meyr5HFHAmoKOZ5tCPJJDA49DzZveZ33sGqVgoHnUSgRuQiWA+o0Qbqe2MqjW7bufAm8QpSA0VaI2qP8NxSOMAhKacKDVw7Ei7KZGaUQ7zyjBWEBE6IxMYGCpIAMpN80Pn+MooY+yH0pTQOFf/TqQkUCoJPNMZED1V614m/ucNYu3fuSkTUaxB0OUiP+ZYhzj7Go+ZBKp5YgihkplbMZ0SSag22axs0Wz2svwiY5x5ksgkfYqJyB2Tl7OezibpNuqOXXfaN7Vmo0iujC7QJbpGDrpFTfSAWqiDKAL0it7QwlpY79aH9blsLVnFzDlagfX1C/79n68=</latexit><latexit sha1_base64="b16WkeRTsOqYyT8wzXjiiqMVPU0=">AAACE3icbVDLSsNAFJ3UV62vqks3g0VwVZIi6LLgxmUL9gFtKJPpTTt0MokzEyGGfoFb+zXuxK0f4McITtIsbOuBC4dz7uXee7yIM6Vt+9sqbW3v7O6V9ysHh0fHJ9XTs64KY0mhQ0Meyr5HFHAmoKOZ5tCPJJDA49DzZveZ33sGqVgoHnUSgRuQiWA+o0Qbqe2MqjW7bufAm8QpSA0VaI2qP8NxSOMAhKacKDVw7Ei7KZGaUQ7zyjBWEBE6IxMYGCpIAMpN80Pn+MooY+yH0pTQOFf/TqQkUCoJPNMZED1V614m/ucNYu3fuSkTUaxB0OUiP+ZYhzj7Go+ZBKp5YgihkplbMZ0SSag22axs0Wz2svwiY5x5ksgkfYqJyB2Tl7OezibpNuqOXXfaN7Vmo0iujC7QJbpGDrpFTfSAWqiDKAL0it7QwlpY79aH9blsLVnFzDlagfX1C/79n68=</latexit><latexit sha1_base64="b16WkeRTsOqYyT8wzXjiiqMVPU0=">AAACE3icbVDLSsNAFJ3UV62vqks3g0VwVZIi6LLgxmUL9gFtKJPpTTt0MokzEyGGfoFb+zXuxK0f4McITtIsbOuBC4dz7uXee7yIM6Vt+9sqbW3v7O6V9ysHh0fHJ9XTs64KY0mhQ0Meyr5HFHAmoKOZ5tCPJJDA49DzZveZ33sGqVgoHnUSgRuQiWA+o0Qbqe2MqjW7bufAm8QpSA0VaI2qP8NxSOMAhKacKDVw7Ei7KZGaUQ7zyjBWEBE6IxMYGCpIAMpN80Pn+MooY+yH0pTQOFf/TqQkUCoJPNMZED1V614m/ucNYu3fuSkTUaxB0OUiP+ZYhzj7Go+ZBKp5YgihkplbMZ0SSag22axs0Wz2svwiY5x5ksgkfYqJyB2Tl7OezibpNuqOXXfaN7Vmo0iujC7QJbpGDrpFTfSAWqiDKAL0it7QwlpY79aH9blsLVnFzDlagfX1C/79n68=</latexit>

B
<latexit sha1_base64="mdsPmO/PWuTdLN04AR+NVLhSEQ0=">AAACE3icbVDLSsNAFJ34rPVVdelmsAiuSlIEXRbduGzBPqANZTK9aYdOJnFmIsTQL3Brv8aduPUD/BjBSZqFbT1w4XDOvdx7jxdxprRtf1sbm1vbO7ulvfL+weHRceXktKPCWFJo05CHsucRBZwJaGumOfQiCSTwOHS96X3md59BKhaKR51E4AZkLJjPKNFGat0NK1W7ZufA68QpSBUVaA4rP4NRSOMAhKacKNV37Ei7KZGaUQ6z8iBWEBE6JWPoGypIAMpN80Nn+NIoI+yH0pTQOFf/TqQkUCoJPNMZED1Rq14m/uf1Y+3fuikTUaxB0MUiP+ZYhzj7Go+YBKp5YgihkplbMZ0QSag22Sxt0Wz6svgiY5x5ksgkfYqJyB2Tl7Oazjrp1GuOXXNa19VGvUiuhM7RBbpCDrpBDfSAmqiNKAL0it7Q3Jpb79aH9blo3bCKmTO0BOvrFxurn8A=</latexit><latexit sha1_base64="mdsPmO/PWuTdLN04AR+NVLhSEQ0=">AAACE3icbVDLSsNAFJ34rPVVdelmsAiuSlIEXRbduGzBPqANZTK9aYdOJnFmIsTQL3Brv8aduPUD/BjBSZqFbT1w4XDOvdx7jxdxprRtf1sbm1vbO7ulvfL+weHRceXktKPCWFJo05CHsucRBZwJaGumOfQiCSTwOHS96X3md59BKhaKR51E4AZkLJjPKNFGat0NK1W7ZufA68QpSBUVaA4rP4NRSOMAhKacKNV37Ei7KZGaUQ6z8iBWEBE6JWPoGypIAMpN80Nn+NIoI+yH0pTQOFf/TqQkUCoJPNMZED1Rq14m/uf1Y+3fuikTUaxB0MUiP+ZYhzj7Go+YBKp5YgihkplbMZ0QSag22Sxt0Wz6svgiY5x5ksgkfYqJyB2Tl7Oazjrp1GuOXXNa19VGvUiuhM7RBbpCDrpBDfSAmqiNKAL0it7Q3Jpb79aH9blo3bCKmTO0BOvrFxurn8A=</latexit><latexit sha1_base64="mdsPmO/PWuTdLN04AR+NVLhSEQ0=">AAACE3icbVDLSsNAFJ34rPVVdelmsAiuSlIEXRbduGzBPqANZTK9aYdOJnFmIsTQL3Brv8aduPUD/BjBSZqFbT1w4XDOvdx7jxdxprRtf1sbm1vbO7ulvfL+weHRceXktKPCWFJo05CHsucRBZwJaGumOfQiCSTwOHS96X3md59BKhaKR51E4AZkLJjPKNFGat0NK1W7ZufA68QpSBUVaA4rP4NRSOMAhKacKNV37Ei7KZGaUQ6z8iBWEBE6JWPoGypIAMpN80Nn+NIoI+yH0pTQOFf/TqQkUCoJPNMZED1Rq14m/uf1Y+3fuikTUaxB0MUiP+ZYhzj7Go+YBKp5YgihkplbMZ0QSag22Sxt0Wz6svgiY5x5ksgkfYqJyB2Tl7Oazjrp1GuOXXNa19VGvUiuhM7RBbpCDrpBDfSAmqiNKAL0it7Q3Jpb79aH9blo3bCKmTO0BOvrFxurn8A=</latexit><latexit sha1_base64="mdsPmO/PWuTdLN04AR+NVLhSEQ0=">AAACE3icbVDLSsNAFJ34rPVVdelmsAiuSlIEXRbduGzBPqANZTK9aYdOJnFmIsTQL3Brv8aduPUD/BjBSZqFbT1w4XDOvdx7jxdxprRtf1sbm1vbO7ulvfL+weHRceXktKPCWFJo05CHsucRBZwJaGumOfQiCSTwOHS96X3md59BKhaKR51E4AZkLJjPKNFGat0NK1W7ZufA68QpSBUVaA4rP4NRSOMAhKacKNV37Ei7KZGaUQ6z8iBWEBE6JWPoGypIAMpN80Nn+NIoI+yH0pTQOFf/TqQkUCoJPNMZED1Rq14m/uf1Y+3fuikTUaxB0MUiP+ZYhzj7Go+YBKp5YgihkplbMZ0QSag22Sxt0Wz6svgiY5x5ksgkfYqJyB2Tl7Oazjrp1GuOXXNa19VGvUiuhM7RBbpCDrpBDfSAmqiNKAL0it7Q3Jpb79aH9blo3bCKmTO0BOvrFxurn8A=</latexit>

B2 mod R
<latexit sha1_base64="wetUiuxBaWZ4LKrNgTZM8+nMWJQ=">AAACHXicbVDLSsNAFJ3UV62vqks3g0VwVZIi6LLoxmUV+4A0lslk2g6dzMSZiRBDP8Ot/Rp34lb8GMFJmoVtPXDhcM693HuPHzGqtG1/W6W19Y3NrfJ2ZWd3b/+genjUUSKWmLSxYEL2fKQIo5y0NdWM9CJJUOgz0vUnN5nffSZSUcEfdBIRL0QjTocUI20k9/qxAft+KAJ4P6jW7LqdA64SpyA1UKA1qP70A4HjkHCNGVLKdexIeymSmmJGppV+rEiE8ASNiGsoRyFRXpqfPIVnRgngUEhTXMNc/TuRolCpJPRNZ4j0WC17mfif58Z6eOWllEexJhzPFw1jBrWA2f8woJJgzRJDEJbU3ArxGEmEtUlpYYumk5f5Fxlj1JdIJulTjHjumLyc5XRWSadRd+y6c3dRazaK5MrgBJyCc+CAS9AEt6AF2gADAV7BG5hZM+vd+rA+560lq5g5Bguwvn4B4iKjRA==</latexit><latexit sha1_base64="wetUiuxBaWZ4LKrNgTZM8+nMWJQ=">AAACHXicbVDLSsNAFJ3UV62vqks3g0VwVZIi6LLoxmUV+4A0lslk2g6dzMSZiRBDP8Ot/Rp34lb8GMFJmoVtPXDhcM693HuPHzGqtG1/W6W19Y3NrfJ2ZWd3b/+genjUUSKWmLSxYEL2fKQIo5y0NdWM9CJJUOgz0vUnN5nffSZSUcEfdBIRL0QjTocUI20k9/qxAft+KAJ4P6jW7LqdA64SpyA1UKA1qP70A4HjkHCNGVLKdexIeymSmmJGppV+rEiE8ASNiGsoRyFRXpqfPIVnRgngUEhTXMNc/TuRolCpJPRNZ4j0WC17mfif58Z6eOWllEexJhzPFw1jBrWA2f8woJJgzRJDEJbU3ArxGEmEtUlpYYumk5f5Fxlj1JdIJulTjHjumLyc5XRWSadRd+y6c3dRazaK5MrgBJyCc+CAS9AEt6AF2gADAV7BG5hZM+vd+rA+560lq5g5Bguwvn4B4iKjRA==</latexit><latexit sha1_base64="wetUiuxBaWZ4LKrNgTZM8+nMWJQ=">AAACHXicbVDLSsNAFJ3UV62vqks3g0VwVZIi6LLoxmUV+4A0lslk2g6dzMSZiRBDP8Ot/Rp34lb8GMFJmoVtPXDhcM693HuPHzGqtG1/W6W19Y3NrfJ2ZWd3b/+genjUUSKWmLSxYEL2fKQIo5y0NdWM9CJJUOgz0vUnN5nffSZSUcEfdBIRL0QjTocUI20k9/qxAft+KAJ4P6jW7LqdA64SpyA1UKA1qP70A4HjkHCNGVLKdexIeymSmmJGppV+rEiE8ASNiGsoRyFRXpqfPIVnRgngUEhTXMNc/TuRolCpJPRNZ4j0WC17mfif58Z6eOWllEexJhzPFw1jBrWA2f8woJJgzRJDEJbU3ArxGEmEtUlpYYumk5f5Fxlj1JdIJulTjHjumLyc5XRWSadRd+y6c3dRazaK5MrgBJyCc+CAS9AEt6AF2gADAV7BG5hZM+vd+rA+560lq5g5Bguwvn4B4iKjRA==</latexit><latexit sha1_base64="wetUiuxBaWZ4LKrNgTZM8+nMWJQ=">AAACHXicbVDLSsNAFJ3UV62vqks3g0VwVZIi6LLoxmUV+4A0lslk2g6dzMSZiRBDP8Ot/Rp34lb8GMFJmoVtPXDhcM693HuPHzGqtG1/W6W19Y3NrfJ2ZWd3b/+genjUUSKWmLSxYEL2fKQIo5y0NdWM9CJJUOgz0vUnN5nffSZSUcEfdBIRL0QjTocUI20k9/qxAft+KAJ4P6jW7LqdA64SpyA1UKA1qP70A4HjkHCNGVLKdexIeymSmmJGppV+rEiE8ASNiGsoRyFRXpqfPIVnRgngUEhTXMNc/TuRolCpJPRNZ4j0WC17mfif58Z6eOWllEexJhzPFw1jBrWA2f8woJJgzRJDEJbU3ArxGEmEtUlpYYumk5f5Fxlj1JdIJulTjHjumLyc5XRWSadRd+y6c3dRazaK5MrgBJyCc+CAS9AEt6AF2gADAV7BG5hZM+vd+rA+560lq5g5Bguwvn4B4iKjRA==</latexit>

. . .
<latexit sha1_base64="qTtcWj5rFg5VzPny9ohNyRzDRks=">AAACGHicbVBNS8NAEN3Ur1q/qh69LBbBU0mKoMeCF48V7Ae0oWw2m3btZhN3J0IM/Q9e7a/xJl69+WMEN20OtvXBwOO9GWbmebHgGmz72yptbG5t75R3K3v7B4dH1eOTjo4SRVmbRiJSPY9oJrhkbeAgWC9WjISeYF1vcpv73WemNI/kA6Qxc0MykjzglICROgPhR6CH1Zpdt+fA68QpSA0VaA2rPwM/oknIJFBBtO47dgxuRhRwKti0Mkg0iwmdkBHrGypJyLSbza+d4guj+DiIlCkJeK7+nchIqHUaeqYzJDDWq14u/uf1Ewhu3IzLOAEm6WJRkAgMEc5fxz5XjIJIDSFUcXMrpmOiCAUT0NIW4JOXxRc5E9xTRKXZU0Lk3DF5OavprJNOo+7Ydef+qtZsFMmV0Rk6R5fIQdeoie5QC7URRY/oFb2hmTWz3q0P63PRWrKKmVO0BOvrF6UAojI=</latexit><latexit sha1_base64="qTtcWj5rFg5VzPny9ohNyRzDRks=">AAACGHicbVBNS8NAEN3Ur1q/qh69LBbBU0mKoMeCF48V7Ae0oWw2m3btZhN3J0IM/Q9e7a/xJl69+WMEN20OtvXBwOO9GWbmebHgGmz72yptbG5t75R3K3v7B4dH1eOTjo4SRVmbRiJSPY9oJrhkbeAgWC9WjISeYF1vcpv73WemNI/kA6Qxc0MykjzglICROgPhR6CH1Zpdt+fA68QpSA0VaA2rPwM/oknIJFBBtO47dgxuRhRwKti0Mkg0iwmdkBHrGypJyLSbza+d4guj+DiIlCkJeK7+nchIqHUaeqYzJDDWq14u/uf1Ewhu3IzLOAEm6WJRkAgMEc5fxz5XjIJIDSFUcXMrpmOiCAUT0NIW4JOXxRc5E9xTRKXZU0Lk3DF5OavprJNOo+7Ydef+qtZsFMmV0Rk6R5fIQdeoie5QC7URRY/oFb2hmTWz3q0P63PRWrKKmVO0BOvrF6UAojI=</latexit><latexit sha1_base64="qTtcWj5rFg5VzPny9ohNyRzDRks=">AAACGHicbVBNS8NAEN3Ur1q/qh69LBbBU0mKoMeCF48V7Ae0oWw2m3btZhN3J0IM/Q9e7a/xJl69+WMEN20OtvXBwOO9GWbmebHgGmz72yptbG5t75R3K3v7B4dH1eOTjo4SRVmbRiJSPY9oJrhkbeAgWC9WjISeYF1vcpv73WemNI/kA6Qxc0MykjzglICROgPhR6CH1Zpdt+fA68QpSA0VaA2rPwM/oknIJFBBtO47dgxuRhRwKti0Mkg0iwmdkBHrGypJyLSbza+d4guj+DiIlCkJeK7+nchIqHUaeqYzJDDWq14u/uf1Ewhu3IzLOAEm6WJRkAgMEc5fxz5XjIJIDSFUcXMrpmOiCAUT0NIW4JOXxRc5E9xTRKXZU0Lk3DF5OavprJNOo+7Ydef+qtZsFMmV0Rk6R5fIQdeoie5QC7URRY/oFb2hmTWz3q0P63PRWrKKmVO0BOvrF6UAojI=</latexit><latexit sha1_base64="qTtcWj5rFg5VzPny9ohNyRzDRks=">AAACGHicbVBNS8NAEN3Ur1q/qh69LBbBU0mKoMeCF48V7Ae0oWw2m3btZhN3J0IM/Q9e7a/xJl69+WMEN20OtvXBwOO9GWbmebHgGmz72yptbG5t75R3K3v7B4dH1eOTjo4SRVmbRiJSPY9oJrhkbeAgWC9WjISeYF1vcpv73WemNI/kA6Qxc0MykjzglICROgPhR6CH1Zpdt+fA68QpSA0VaA2rPwM/oknIJFBBtO47dgxuRhRwKti0Mkg0iwmdkBHrGypJyLSbza+d4guj+DiIlCkJeK7+nchIqHUaeqYzJDDWq14u/uf1Ewhu3IzLOAEm6WJRkAgMEc5fxz5XjIJIDSFUcXMrpmOiCAUT0NIW4JOXxRc5E9xTRKXZU0Lk3DF5OavprJNOo+7Ydef+qtZsFMmV0Rk6R5fIQdeoie5QC7URRY/oFb2hmTWz3q0P63PRWrKKmVO0BOvrF6UAojI=</latexit>

Bp�2 mod R
<latexit sha1_base64="vWu6fGBsJGeg5+AIa3guasFuozo=">AAACI3icbZDLSsNAFIYn9VbrpVGXbgaL4MaSFEGXRTcuq9gLtLFMJpN26GQSZyZCDH0St/Zp3IkbFz6K4CTNwrYeGPj4/3M4Z343YlQqy/oySmvrG5tb5e3Kzu7eftU8OOzIMBaYtHHIQtFzkSSMctJWVDHSiwRBgctI153cZH73mQhJQ/6gkog4ARpx6lOMlJaGZvX6MY3OG1M4cIPQg/dDs2bVrbzgKtgF1EBRraH5M/BCHAeEK8yQlH3bipSTIqEoZmRaGcSSRAhP0Ij0NXIUEOmk+eFTeKoVD/qh0I8rmKt/J1IUSJkEru4MkBrLZS8T//P6sfKvnJTyKFaE4/kiP2ZQhTBLAXpUEKxYogFhQfWtEI+RQFjprBa2KDp5mf8iI0ZdgUSSPsWI547Oy15OZxU6jbpt1e27i1qzUSRXBsfgBJwBG1yCJrgFLdAGGMTgFbyBmTEz3o0P43PeWjKKmSOwUMb3L7CrpTI=</latexit><latexit sha1_base64="vWu6fGBsJGeg5+AIa3guasFuozo=">AAACI3icbZDLSsNAFIYn9VbrpVGXbgaL4MaSFEGXRTcuq9gLtLFMJpN26GQSZyZCDH0St/Zp3IkbFz6K4CTNwrYeGPj4/3M4Z343YlQqy/oySmvrG5tb5e3Kzu7eftU8OOzIMBaYtHHIQtFzkSSMctJWVDHSiwRBgctI153cZH73mQhJQ/6gkog4ARpx6lOMlJaGZvX6MY3OG1M4cIPQg/dDs2bVrbzgKtgF1EBRraH5M/BCHAeEK8yQlH3bipSTIqEoZmRaGcSSRAhP0Ij0NXIUEOmk+eFTeKoVD/qh0I8rmKt/J1IUSJkEru4MkBrLZS8T//P6sfKvnJTyKFaE4/kiP2ZQhTBLAXpUEKxYogFhQfWtEI+RQFjprBa2KDp5mf8iI0ZdgUSSPsWI547Oy15OZxU6jbpt1e27i1qzUSRXBsfgBJwBG1yCJrgFLdAGGMTgFbyBmTEz3o0P43PeWjKKmSOwUMb3L7CrpTI=</latexit><latexit sha1_base64="vWu6fGBsJGeg5+AIa3guasFuozo=">AAACI3icbZDLSsNAFIYn9VbrpVGXbgaL4MaSFEGXRTcuq9gLtLFMJpN26GQSZyZCDH0St/Zp3IkbFz6K4CTNwrYeGPj4/3M4Z343YlQqy/oySmvrG5tb5e3Kzu7eftU8OOzIMBaYtHHIQtFzkSSMctJWVDHSiwRBgctI153cZH73mQhJQ/6gkog4ARpx6lOMlJaGZvX6MY3OG1M4cIPQg/dDs2bVrbzgKtgF1EBRraH5M/BCHAeEK8yQlH3bipSTIqEoZmRaGcSSRAhP0Ij0NXIUEOmk+eFTeKoVD/qh0I8rmKt/J1IUSJkEru4MkBrLZS8T//P6sfKvnJTyKFaE4/kiP2ZQhTBLAXpUEKxYogFhQfWtEI+RQFjprBa2KDp5mf8iI0ZdgUSSPsWI547Oy15OZxU6jbpt1e27i1qzUSRXBsfgBJwBG1yCJrgFLdAGGMTgFbyBmTEz3o0P43PeWjKKmSOwUMb3L7CrpTI=</latexit><latexit sha1_base64="vWu6fGBsJGeg5+AIa3guasFuozo=">AAACI3icbZDLSsNAFIYn9VbrpVGXbgaL4MaSFEGXRTcuq9gLtLFMJpN26GQSZyZCDH0St/Zp3IkbFz6K4CTNwrYeGPj4/3M4Z343YlQqy/oySmvrG5tb5e3Kzu7eftU8OOzIMBaYtHHIQtFzkSSMctJWVDHSiwRBgctI153cZH73mQhJQ/6gkog4ARpx6lOMlJaGZvX6MY3OG1M4cIPQg/dDs2bVrbzgKtgF1EBRraH5M/BCHAeEK8yQlH3bipSTIqEoZmRaGcSSRAhP0Ij0NXIUEOmk+eFTeKoVD/qh0I8rmKt/J1IUSJkEru4MkBrLZS8T//P6sfKvnJTyKFaE4/kiP2ZQhTBLAXpUEKxYogFhQfWtEI+RQFjprBa2KDp5mf8iI0ZdgUSSPsWI547Oy15OZxU6jbpt1e27i1qzUSRXBsfgBJwBG1yCJrgFLdAGGMTgFbyBmTEz3o0P43PeWjKKmSOwUMb3L7CrpTI=</latexit>

Bp�1 mod R
<latexit sha1_base64="fq2OjqYCwKsDlgLeeC4jEnPIHYM=">AAACI3icbZDLSsNAFIYn9VbrpVGXbgaL4MaSFEGXRTcuq9gLtLFMJpN26GQSZyZCDH0St/Zp3IkbFz6K4CTNwrYeGPj4/3M4Z343YlQqy/oySmvrG5tb5e3Kzu7eftU8OOzIMBaYtHHIQtFzkSSMctJWVDHSiwRBgctI153cZH73mQhJQ/6gkog4ARpx6lOMlJaGZvX6MY3O7SkcuEHowfuhWbPqVl5wFewCaqCo1tD8GXghjgPCFWZIyr5tRcpJkVAUMzKtDGJJIoQnaET6GjkKiHTS/PApPNWKB/1Q6McVzNW/EykKpEwCV3cGSI3lspeJ/3n9WPlXTkp5FCvC8XyRHzOoQpilAD0qCFYs0YCwoPpWiMdIIKx0VgtbFJ28zH+REaOuQCJJn2LEc0fnZS+nswqdRt226vbdRa3ZKJIrg2NwAs6ADS5BE9yCFmgDDGLwCt7AzJgZ78aH8TlvLRnFzBFYKOP7F67zpTE=</latexit><latexit sha1_base64="fq2OjqYCwKsDlgLeeC4jEnPIHYM=">AAACI3icbZDLSsNAFIYn9VbrpVGXbgaL4MaSFEGXRTcuq9gLtLFMJpN26GQSZyZCDH0St/Zp3IkbFz6K4CTNwrYeGPj4/3M4Z343YlQqy/oySmvrG5tb5e3Kzu7eftU8OOzIMBaYtHHIQtFzkSSMctJWVDHSiwRBgctI153cZH73mQhJQ/6gkog4ARpx6lOMlJaGZvX6MY3O7SkcuEHowfuhWbPqVl5wFewCaqCo1tD8GXghjgPCFWZIyr5tRcpJkVAUMzKtDGJJIoQnaET6GjkKiHTS/PApPNWKB/1Q6McVzNW/EykKpEwCV3cGSI3lspeJ/3n9WPlXTkp5FCvC8XyRHzOoQpilAD0qCFYs0YCwoPpWiMdIIKx0VgtbFJ28zH+REaOuQCJJn2LEc0fnZS+nswqdRt226vbdRa3ZKJIrg2NwAs6ADS5BE9yCFmgDDGLwCt7AzJgZ78aH8TlvLRnFzBFYKOP7F67zpTE=</latexit><latexit sha1_base64="fq2OjqYCwKsDlgLeeC4jEnPIHYM=">AAACI3icbZDLSsNAFIYn9VbrpVGXbgaL4MaSFEGXRTcuq9gLtLFMJpN26GQSZyZCDH0St/Zp3IkbFz6K4CTNwrYeGPj4/3M4Z343YlQqy/oySmvrG5tb5e3Kzu7eftU8OOzIMBaYtHHIQtFzkSSMctJWVDHSiwRBgctI153cZH73mQhJQ/6gkog4ARpx6lOMlJaGZvX6MY3O7SkcuEHowfuhWbPqVl5wFewCaqCo1tD8GXghjgPCFWZIyr5tRcpJkVAUMzKtDGJJIoQnaET6GjkKiHTS/PApPNWKB/1Q6McVzNW/EykKpEwCV3cGSI3lspeJ/3n9WPlXTkp5FCvC8XyRHzOoQpilAD0qCFYs0YCwoPpWiMdIIKx0VgtbFJ28zH+REaOuQCJJn2LEc0fnZS+nswqdRt226vbdRa3ZKJIrg2NwAs6ADS5BE9yCFmgDDGLwCt7AzJgZ78aH8TlvLRnFzBFYKOP7F67zpTE=</latexit><latexit sha1_base64="fq2OjqYCwKsDlgLeeC4jEnPIHYM=">AAACI3icbZDLSsNAFIYn9VbrpVGXbgaL4MaSFEGXRTcuq9gLtLFMJpN26GQSZyZCDH0St/Zp3IkbFz6K4CTNwrYeGPj4/3M4Z343YlQqy/oySmvrG5tb5e3Kzu7eftU8OOzIMBaYtHHIQtFzkSSMctJWVDHSiwRBgctI153cZH73mQhJQ/6gkog4ARpx6lOMlJaGZvX6MY3O7SkcuEHowfuhWbPqVl5wFewCaqCo1tD8GXghjgPCFWZIyr5tRcpJkVAUMzKtDGJJIoQnaET6GjkKiHTS/PApPNWKB/1Q6McVzNW/EykKpEwCV3cGSI3lspeJ/3n9WPlXTkp5FCvC8XyRHzOoQpilAD0qCFYs0YCwoPpWiMdIIKx0VgtbFJ28zH+REaOuQCJJn2LEc0fnZS+nswqdRt226vbdRa3ZKJIrg2NwAs6ADS5BE9yCFmgDDGLwCt7AzJgZ78aH8TlvLRnFzBFYKOP7F67zpTE=</latexit>

f = gcd(B,R)
<latexit sha1_base64="VhhaGntnZrumLmyeg8NjNM5Ocu8=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBahgpSkFPQiFL14rGI/oI1ls9m0SzebsLtRSuj/8OJBEa/+F2/+G7dtDtr6YODx3gwz87yYM6Vt+9vKrayurW/kNwtb2zu7e8X9g5aKEklok0Q8kh0PK8qZoE3NNKedWFIcepy2vdH11G8/UqlYJO71OKZuiAeCBYxgbaSHAF2i3oD45aszdHfaL5bsij0DWiZORkqQodEvfvX8iCQhFZpwrFTXsWPtplhqRjidFHqJojEmIzygXUMFDqly09nVE3RiFB8FkTQlNJqpvydSHCo1Dj3TGWI9VIveVPzP6yY6uHBTJuJEU0Hmi4KEIx2haQTIZ5ISzceGYCKZuRWRIZaYaBNUwYTgLL68TFrVimNXnNtaqV7N4sjDERxDGRw4hzrcQAOaQEDCM7zCm/VkvVjv1se8NWdlM4fwB9bnD6COkJQ=</latexit><latexit sha1_base64="VhhaGntnZrumLmyeg8NjNM5Ocu8=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBahgpSkFPQiFL14rGI/oI1ls9m0SzebsLtRSuj/8OJBEa/+F2/+G7dtDtr6YODx3gwz87yYM6Vt+9vKrayurW/kNwtb2zu7e8X9g5aKEklok0Q8kh0PK8qZoE3NNKedWFIcepy2vdH11G8/UqlYJO71OKZuiAeCBYxgbaSHAF2i3oD45aszdHfaL5bsij0DWiZORkqQodEvfvX8iCQhFZpwrFTXsWPtplhqRjidFHqJojEmIzygXUMFDqly09nVE3RiFB8FkTQlNJqpvydSHCo1Dj3TGWI9VIveVPzP6yY6uHBTJuJEU0Hmi4KEIx2haQTIZ5ISzceGYCKZuRWRIZaYaBNUwYTgLL68TFrVimNXnNtaqV7N4sjDERxDGRw4hzrcQAOaQEDCM7zCm/VkvVjv1se8NWdlM4fwB9bnD6COkJQ=</latexit><latexit sha1_base64="VhhaGntnZrumLmyeg8NjNM5Ocu8=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBahgpSkFPQiFL14rGI/oI1ls9m0SzebsLtRSuj/8OJBEa/+F2/+G7dtDtr6YODx3gwz87yYM6Vt+9vKrayurW/kNwtb2zu7e8X9g5aKEklok0Q8kh0PK8qZoE3NNKedWFIcepy2vdH11G8/UqlYJO71OKZuiAeCBYxgbaSHAF2i3oD45aszdHfaL5bsij0DWiZORkqQodEvfvX8iCQhFZpwrFTXsWPtplhqRjidFHqJojEmIzygXUMFDqly09nVE3RiFB8FkTQlNJqpvydSHCo1Dj3TGWI9VIveVPzP6yY6uHBTJuJEU0Hmi4KEIx2haQTIZ5ISzceGYCKZuRWRIZaYaBNUwYTgLL68TFrVimNXnNtaqV7N4sjDERxDGRw4hzrcQAOaQEDCM7zCm/VkvVjv1se8NWdlM4fwB9bnD6COkJQ=</latexit><latexit sha1_base64="VhhaGntnZrumLmyeg8NjNM5Ocu8=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBahgpSkFPQiFL14rGI/oI1ls9m0SzebsLtRSuj/8OJBEa/+F2/+G7dtDtr6YODx3gwz87yYM6Vt+9vKrayurW/kNwtb2zu7e8X9g5aKEklok0Q8kh0PK8qZoE3NNKedWFIcepy2vdH11G8/UqlYJO71OKZuiAeCBYxgbaSHAF2i3oD45aszdHfaL5bsij0DWiZORkqQodEvfvX8iCQhFZpwrFTXsWPtplhqRjidFHqJojEmIzygXUMFDqly09nVE3RiFB8FkTQlNJqpvydSHCo1Dj3TGWI9VIveVPzP6yY6uHBTJuJEU0Hmi4KEIx2haQTIZ5ISzceGYCKZuRWRIZaYaBNUwYTgLL68TFrVimNXnNtaqV7N4sjDERxDGRw4hzrcQAOaQEDCM7zCm/VkvVjv1se8NWdlM4fwB9bnD6COkJQ=</latexit>

f = gcd(Bp/2 + 1, R)
<latexit sha1_base64="Zl8ubJPeIrKRnwopxfBbc8wsPDY=">AAAB/3icbVDLSgNBEOz1GeNrVfDiZTAIESXuBkEvQtCLxyjmAckaZmdnkyGzD2ZmhbDm4K948aCIV3/Dm3/jJNmDJhY0FFXddHe5MWdSWda3MTe/sLi0nFvJr66tb2yaW9t1GSWC0BqJeCSaLpaUs5DWFFOcNmNBceBy2nD7VyO/8UCFZFF4pwYxdQLcDZnPCFZa6pi7PrpA7S7xipf3aXxSHh7Zx+j2sGMWrJI1BpoldkYKkKHaMb/aXkSSgIaKcCxly7Zi5aRYKEY4HebbiaQxJn3cpS1NQxxQ6aTj+4foQCse8iOhK1RorP6eSHEg5SBwdWeAVU9OeyPxP6+VKP/cSVkYJ4qGZLLITzhSERqFgTwmKFF8oAkmgulbEelhgYnSkeV1CPb0y7OkXi7ZVsm+OS1UylkcOdiDfSiCDWdQgWuoQg0IPMIzvMKb8WS8GO/Gx6R1zshmduAPjM8fOwmTmA==</latexit><latexit sha1_base64="Zl8ubJPeIrKRnwopxfBbc8wsPDY=">AAAB/3icbVDLSgNBEOz1GeNrVfDiZTAIESXuBkEvQtCLxyjmAckaZmdnkyGzD2ZmhbDm4K948aCIV3/Dm3/jJNmDJhY0FFXddHe5MWdSWda3MTe/sLi0nFvJr66tb2yaW9t1GSWC0BqJeCSaLpaUs5DWFFOcNmNBceBy2nD7VyO/8UCFZFF4pwYxdQLcDZnPCFZa6pi7PrpA7S7xipf3aXxSHh7Zx+j2sGMWrJI1BpoldkYKkKHaMb/aXkSSgIaKcCxly7Zi5aRYKEY4HebbiaQxJn3cpS1NQxxQ6aTj+4foQCse8iOhK1RorP6eSHEg5SBwdWeAVU9OeyPxP6+VKP/cSVkYJ4qGZLLITzhSERqFgTwmKFF8oAkmgulbEelhgYnSkeV1CPb0y7OkXi7ZVsm+OS1UylkcOdiDfSiCDWdQgWuoQg0IPMIzvMKb8WS8GO/Gx6R1zshmduAPjM8fOwmTmA==</latexit><latexit sha1_base64="Zl8ubJPeIrKRnwopxfBbc8wsPDY=">AAAB/3icbVDLSgNBEOz1GeNrVfDiZTAIESXuBkEvQtCLxyjmAckaZmdnkyGzD2ZmhbDm4K948aCIV3/Dm3/jJNmDJhY0FFXddHe5MWdSWda3MTe/sLi0nFvJr66tb2yaW9t1GSWC0BqJeCSaLpaUs5DWFFOcNmNBceBy2nD7VyO/8UCFZFF4pwYxdQLcDZnPCFZa6pi7PrpA7S7xipf3aXxSHh7Zx+j2sGMWrJI1BpoldkYKkKHaMb/aXkSSgIaKcCxly7Zi5aRYKEY4HebbiaQxJn3cpS1NQxxQ6aTj+4foQCse8iOhK1RorP6eSHEg5SBwdWeAVU9OeyPxP6+VKP/cSVkYJ4qGZLLITzhSERqFgTwmKFF8oAkmgulbEelhgYnSkeV1CPb0y7OkXi7ZVsm+OS1UylkcOdiDfSiCDWdQgWuoQg0IPMIzvMKb8WS8GO/Gx6R1zshmduAPjM8fOwmTmA==</latexit><latexit sha1_base64="Zl8ubJPeIrKRnwopxfBbc8wsPDY=">AAAB/3icbVDLSgNBEOz1GeNrVfDiZTAIESXuBkEvQtCLxyjmAckaZmdnkyGzD2ZmhbDm4K948aCIV3/Dm3/jJNmDJhY0FFXddHe5MWdSWda3MTe/sLi0nFvJr66tb2yaW9t1GSWC0BqJeCSaLpaUs5DWFFOcNmNBceBy2nD7VyO/8UCFZFF4pwYxdQLcDZnPCFZa6pi7PrpA7S7xipf3aXxSHh7Zx+j2sGMWrJI1BpoldkYKkKHaMb/aXkSSgIaKcCxly7Zi5aRYKEY4HebbiaQxJn3cpS1NQxxQ6aTj+4foQCse8iOhK1RorP6eSHEg5SBwdWeAVU9OeyPxP6+VKP/cSVkYJ4qGZLLITzhSERqFgTwmKFF8oAkmgulbEelhgYnSkeV1CPb0y7OkXi7ZVsm+OS1UylkcOdiDfSiCDWdQgWuoQg0IPMIzvMKb8WS8GO/Gx6R1zshmduAPjM8fOwmTmA==</latexit>

Everything vs. classical :   Quantum Speedup: Superpolynomialpoly(n)
<latexit sha1_base64="Slum5mkwBbsTnecVtBJiOxhTSlw=">AAACJHicbVDLSsNAFJ3UV62vqEs3wSLUTUmkoMuCG5cV7APaUCbTSTt0MokzN4UY+idu7de4Exdu/BPBSZqFbT0wcDjnXu6Z40WcKbDtL6O0tb2zu1ferxwcHh2fmKdnHRXGktA2CXkoex5WlDNB28CA014kKQ48Trve9D7zuzMqFQvFEyQRdQM8FsxnBIOWhqY5CDBMGKRRyJN5TVwPzapdt3NYm8QpSBUVaA3Nn8EoJHFABRCOleo7dgRuiiUwwum8MogVjTCZ4jHtaypwQJWb5snn1pVWRpYfSv0EWLn6dyPFgVJJ4OnJLKda9zLxP68fg3/npkxEMVBBlof8mFsQWlkN1ohJSoAnmmAimc5qkQmWmIAua+UKsOnL8hcZ48yTWCbpc4xF7ui+nPV2Nknnpu7YdeexUW02iubK6AJdohpy0C1qogfUQm1E0Ay9oje0MBbGu/FhfC5HS0axc45WYHz/AkH8pqU=</latexit><latexit sha1_base64="Slum5mkwBbsTnecVtBJiOxhTSlw=">AAACJHicbVDLSsNAFJ3UV62vqEs3wSLUTUmkoMuCG5cV7APaUCbTSTt0MokzN4UY+idu7de4Exdu/BPBSZqFbT0wcDjnXu6Z40WcKbDtL6O0tb2zu1ferxwcHh2fmKdnHRXGktA2CXkoex5WlDNB28CA014kKQ48Trve9D7zuzMqFQvFEyQRdQM8FsxnBIOWhqY5CDBMGKRRyJN5TVwPzapdt3NYm8QpSBUVaA3Nn8EoJHFABRCOleo7dgRuiiUwwum8MogVjTCZ4jHtaypwQJWb5snn1pVWRpYfSv0EWLn6dyPFgVJJ4OnJLKda9zLxP68fg3/npkxEMVBBlof8mFsQWlkN1ohJSoAnmmAimc5qkQmWmIAua+UKsOnL8hcZ48yTWCbpc4xF7ui+nPV2Nknnpu7YdeexUW02iubK6AJdohpy0C1qogfUQm1E0Ay9oje0MBbGu/FhfC5HS0axc45WYHz/AkH8pqU=</latexit><latexit sha1_base64="Slum5mkwBbsTnecVtBJiOxhTSlw=">AAACJHicbVDLSsNAFJ3UV62vqEs3wSLUTUmkoMuCG5cV7APaUCbTSTt0MokzN4UY+idu7de4Exdu/BPBSZqFbT0wcDjnXu6Z40WcKbDtL6O0tb2zu1ferxwcHh2fmKdnHRXGktA2CXkoex5WlDNB28CA014kKQ48Trve9D7zuzMqFQvFEyQRdQM8FsxnBIOWhqY5CDBMGKRRyJN5TVwPzapdt3NYm8QpSBUVaA3Nn8EoJHFABRCOleo7dgRuiiUwwum8MogVjTCZ4jHtaypwQJWb5snn1pVWRpYfSv0EWLn6dyPFgVJJ4OnJLKda9zLxP68fg3/npkxEMVBBlof8mFsQWlkN1ohJSoAnmmAimc5qkQmWmIAua+UKsOnL8hcZ48yTWCbpc4xF7ui+nPV2Nknnpu7YdeexUW02iubK6AJdohpy0C1qogfUQm1E0Ay9oje0MBbGu/FhfC5HS0axc45WYHz/AkH8pqU=</latexit><latexit sha1_base64="Slum5mkwBbsTnecVtBJiOxhTSlw=">AAACJHicbVDLSsNAFJ3UV62vqEs3wSLUTUmkoMuCG5cV7APaUCbTSTt0MokzN4UY+idu7de4Exdu/BPBSZqFbT0wcDjnXu6Z40WcKbDtL6O0tb2zu1ferxwcHh2fmKdnHRXGktA2CXkoex5WlDNB28CA014kKQ48Trve9D7zuzMqFQvFEyQRdQM8FsxnBIOWhqY5CDBMGKRRyJN5TVwPzapdt3NYm8QpSBUVaA3Nn8EoJHFABRCOleo7dgRuiiUwwum8MogVjTCZ4jHtaypwQJWb5snn1pVWRpYfSv0EWLn6dyPFgVJJ4OnJLKda9zLxP68fg3/npkxEMVBBlof8mFsQWlkN1ohJSoAnmmAimc5qkQmWmIAua+UKsOnL8hcZ48yTWCbpc4xF7ui+nPV2Nknnpu7YdeexUW02iubK6AJdohpy0C1qogfUQm1E0Ay9oje0MBbGu/FhfC5HS0axc45WYHz/AkH8pqU=</latexit>

e
3pn

<latexit sha1_base64="ma6EvSeIpMksLC66MB8UqqtLAnw=">AAACI3icbZDLSsNAFIYnXmu9tOrSTbAIrkqiBV0W3LisYC+QxjKZTtqhk0k6cyLEkCdxa5/Gnbhx4aMITtosbOuBgY//P4dz5vcizhRY1pexsbm1vbNb2ivvHxweVarHJx0VxpLQNgl5KHseVpQzQdvAgNNeJCkOPE673uQu97vPVCoWikdIIuoGeCSYzwgGLQ2qFfqU9tVUgnPtpiLLBtWaVbfmZa6DXUANFdUaVH/6w5DEARVAOFbKsa0I3BRLYITTrNyPFY0wmeARdTQKHFDlpvPDM/NCK0PTD6V+Asy5+ncixYFSSeDpzgDDWK16ufif58Tg37opE1EMVJDFIj/mJoRmnoI5ZJIS4IkGTCTTt5pkjCUmoLNa2gJs8rL4RU6ceRLLJJ3GWMwdnZe9ms46dK7qtlW3Hxq1ZqNIroTO0Dm6RDa6QU10j1qojQiK0St6QzNjZrwbH8bnonXDKGZO0VIZ37/LEaZv</latexit><latexit sha1_base64="ma6EvSeIpMksLC66MB8UqqtLAnw=">AAACI3icbZDLSsNAFIYnXmu9tOrSTbAIrkqiBV0W3LisYC+QxjKZTtqhk0k6cyLEkCdxa5/Gnbhx4aMITtosbOuBgY//P4dz5vcizhRY1pexsbm1vbNb2ivvHxweVarHJx0VxpLQNgl5KHseVpQzQdvAgNNeJCkOPE673uQu97vPVCoWikdIIuoGeCSYzwgGLQ2qFfqU9tVUgnPtpiLLBtWaVbfmZa6DXUANFdUaVH/6w5DEARVAOFbKsa0I3BRLYITTrNyPFY0wmeARdTQKHFDlpvPDM/NCK0PTD6V+Asy5+ncixYFSSeDpzgDDWK16ufif58Tg37opE1EMVJDFIj/mJoRmnoI5ZJIS4IkGTCTTt5pkjCUmoLNa2gJs8rL4RU6ceRLLJJ3GWMwdnZe9ms46dK7qtlW3Hxq1ZqNIroTO0Dm6RDa6QU10j1qojQiK0St6QzNjZrwbH8bnonXDKGZO0VIZ37/LEaZv</latexit><latexit sha1_base64="ma6EvSeIpMksLC66MB8UqqtLAnw=">AAACI3icbZDLSsNAFIYnXmu9tOrSTbAIrkqiBV0W3LisYC+QxjKZTtqhk0k6cyLEkCdxa5/Gnbhx4aMITtosbOuBgY//P4dz5vcizhRY1pexsbm1vbNb2ivvHxweVarHJx0VxpLQNgl5KHseVpQzQdvAgNNeJCkOPE673uQu97vPVCoWikdIIuoGeCSYzwgGLQ2qFfqU9tVUgnPtpiLLBtWaVbfmZa6DXUANFdUaVH/6w5DEARVAOFbKsa0I3BRLYITTrNyPFY0wmeARdTQKHFDlpvPDM/NCK0PTD6V+Asy5+ncixYFSSeDpzgDDWK16ufif58Tg37opE1EMVJDFIj/mJoRmnoI5ZJIS4IkGTCTTt5pkjCUmoLNa2gJs8rL4RU6ceRLLJJ3GWMwdnZe9ms46dK7qtlW3Hxq1ZqNIroTO0Dm6RDa6QU10j1qojQiK0St6QzNjZrwbH8bnonXDKGZO0VIZ37/LEaZv</latexit><latexit sha1_base64="ma6EvSeIpMksLC66MB8UqqtLAnw=">AAACI3icbZDLSsNAFIYnXmu9tOrSTbAIrkqiBV0W3LisYC+QxjKZTtqhk0k6cyLEkCdxa5/Gnbhx4aMITtosbOuBgY//P4dz5vcizhRY1pexsbm1vbNb2ivvHxweVarHJx0VxpLQNgl5KHseVpQzQdvAgNNeJCkOPE673uQu97vPVCoWikdIIuoGeCSYzwgGLQ2qFfqU9tVUgnPtpiLLBtWaVbfmZa6DXUANFdUaVH/6w5DEARVAOFbKsa0I3BRLYITTrNyPFY0wmeARdTQKHFDlpvPDM/NCK0PTD6V+Asy5+ncixYFSSeDpzgDDWK16ufif58Tg37opE1EMVJDFIj/mJoRmnoI5ZJIS4IkGTCTTt5pkjCUmoLNa2gJs8rL4RU6ceRLLJJ3GWMwdnZe9ms46dK7qtlW3Hxq1ZqNIroTO0Dm6RDa6QU10j1qojQiK0St6QzNjZrwbH8bnonXDKGZO0VIZ37/LEaZv</latexit>
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Hamiltonian Simulation
Problem Definition

Schrödinger Equation:

i
d | (t)i

dt
= H | (t)i

<latexit sha1_base64="3h3CFmgVJn+hpnWMcQ50IB2task="></latexit><latexit sha1_base64="3h3CFmgVJn+hpnWMcQ50IB2task="></latexit><latexit sha1_base64="3h3CFmgVJn+hpnWMcQ50IB2task="></latexit><latexit sha1_base64="3h3CFmgVJn+hpnWMcQ50IB2task="></latexit>

Time-independent Hamiltonian:

| (t)i = e�itH | (0)i
<latexit sha1_base64="VnhxgMxgsfBH1pWbLON4WNKpbOQ="></latexit><latexit sha1_base64="VnhxgMxgsfBH1pWbLON4WNKpbOQ="></latexit><latexit sha1_base64="VnhxgMxgsfBH1pWbLON4WNKpbOQ="></latexit><latexit sha1_base64="VnhxgMxgsfBH1pWbLON4WNKpbOQ="></latexit>

Task:
Find a quantum circuit, that simulates as close as possible!e�itH

<latexit sha1_base64="1315A/V/WEf8xnf+eatFNIix56o=">AAACG3icbVBNS8NAEN34WetX1aOXxSJ4sSRS0GPBS48V7Ie0sWy2m3bpZhN3J0IM/RVe7a/xJl49+GMEN20OtvXBwOO9GWbmeZHgGmz721pb39jc2i7sFHf39g8OS0fHLR3GirImDUWoOh7RTHDJmsBBsE6kGAk8wdre+Dbz289MaR7Ke0gi5gZkKLnPKQEjPbDH9JIDrk/6pbJdsWfAq8TJSRnlaPRLP71BSOOASaCCaN117AjclCjgVLBJsRdrFhE6JkPWNVSSgGk3nR08wedGGWA/VKYk4Jn6dyIlgdZJ4JnOgMBIL3uZ+J/XjcG/cVMuoxiYpPNFfiwwhDj7Hg+4YhREYgihiptbMR0RRSiYjBa2AB+/zL/ImOCeIipJn2IiZ47Jy1lOZ5W0riqOXXHuquVaNU+ugE7RGbpADrpGNVRHDdREFAXoFb2hqTW13q0P63PeumblMydoAdbXLzv5ov0=</latexit><latexit sha1_base64="1315A/V/WEf8xnf+eatFNIix56o=">AAACG3icbVBNS8NAEN34WetX1aOXxSJ4sSRS0GPBS48V7Ie0sWy2m3bpZhN3J0IM/RVe7a/xJl49+GMEN20OtvXBwOO9GWbmeZHgGmz721pb39jc2i7sFHf39g8OS0fHLR3GirImDUWoOh7RTHDJmsBBsE6kGAk8wdre+Dbz289MaR7Ke0gi5gZkKLnPKQEjPbDH9JIDrk/6pbJdsWfAq8TJSRnlaPRLP71BSOOASaCCaN117AjclCjgVLBJsRdrFhE6JkPWNVSSgGk3nR08wedGGWA/VKYk4Jn6dyIlgdZJ4JnOgMBIL3uZ+J/XjcG/cVMuoxiYpPNFfiwwhDj7Hg+4YhREYgihiptbMR0RRSiYjBa2AB+/zL/ImOCeIipJn2IiZ47Jy1lOZ5W0riqOXXHuquVaNU+ugE7RGbpADrpGNVRHDdREFAXoFb2hqTW13q0P63PeumblMydoAdbXLzv5ov0=</latexit><latexit sha1_base64="1315A/V/WEf8xnf+eatFNIix56o=">AAACG3icbVBNS8NAEN34WetX1aOXxSJ4sSRS0GPBS48V7Ie0sWy2m3bpZhN3J0IM/RVe7a/xJl49+GMEN20OtvXBwOO9GWbmeZHgGmz721pb39jc2i7sFHf39g8OS0fHLR3GirImDUWoOh7RTHDJmsBBsE6kGAk8wdre+Dbz289MaR7Ke0gi5gZkKLnPKQEjPbDH9JIDrk/6pbJdsWfAq8TJSRnlaPRLP71BSOOASaCCaN117AjclCjgVLBJsRdrFhE6JkPWNVSSgGk3nR08wedGGWA/VKYk4Jn6dyIlgdZJ4JnOgMBIL3uZ+J/XjcG/cVMuoxiYpPNFfiwwhDj7Hg+4YhREYgihiptbMR0RRSiYjBa2AB+/zL/ImOCeIipJn2IiZ47Jy1lOZ5W0riqOXXHuquVaNU+ugE7RGbpADrpGNVRHDdREFAXoFb2hqTW13q0P63PeumblMydoAdbXLzv5ov0=</latexit><latexit sha1_base64="1315A/V/WEf8xnf+eatFNIix56o=">AAACG3icbVBNS8NAEN34WetX1aOXxSJ4sSRS0GPBS48V7Ie0sWy2m3bpZhN3J0IM/RVe7a/xJl49+GMEN20OtvXBwOO9GWbmeZHgGmz721pb39jc2i7sFHf39g8OS0fHLR3GirImDUWoOh7RTHDJmsBBsE6kGAk8wdre+Dbz289MaR7Ke0gi5gZkKLnPKQEjPbDH9JIDrk/6pbJdsWfAq8TJSRnlaPRLP71BSOOASaCCaN117AjclCjgVLBJsRdrFhE6JkPWNVSSgGk3nR08wedGGWA/VKYk4Jn6dyIlgdZJ4JnOgMBIL3uZ+J/XjcG/cVMuoxiYpPNFfiwwhDj7Hg+4YhREYgihiptbMR0RRSiYjBa2AB+/zL/ImOCeIipJn2IiZ47Jy1lOZ5W0riqOXXHuquVaNU+ugE7RGbpADrpGNVRHDdREFAXoFb2hqTW13q0P63PeumblMydoAdbXLzv5ov0=</latexit>
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Hamiltonian Simulation
Two notable Problem Types

From Physics
• H is a sum of 

Pauli Tensor 
Product terms:

• with, e.g., 
acting on 
qubits 3, 2, 1, respectively.

• Structure from Physics 
through Jordan-Wigner 
transform.

From Maths & CS
• H is a s-sparse 

(at most s non-zero entries 
per row and per column)

• Given row i and number x,
there must be a fast way 
(“Oracle”) to get
• the index j and
• the matrix entry Hi,j

of xth non-zero entry in row i.

H =
mX

j=1

Hj

<latexit sha1_base64="wMwdhFITx4t8LWzvKO1JHJ02gvg=">AAACKHicbZDLagIxFIYzvVp7m1523YRKoSuZKUK7EYRuXFqoF1A7ZGLUaJKZ5lIYB9+l2/o03RW3fY9C42VRtQcCH/9/DufkD2NGlfa8qbO1vbO7t585yB4eHZ+cumfnNRUZiUkVRyySjRApwqggVU01I41YEsRDRurh8HHm19+IVDQSzzqJSZujnqBdipG2UuBelmERtpThQToo+uMXDsvBIHBzXt6bF9wEfwk5sKxK4P60OhE2nAiNGVKq6XuxbqdIaooZGWdbRpEY4SHqkaZFgThR7XR+/RjeWKUDu5G0T2g4V/9OpIgrlfDQdnKk+2rdm4n/eU2juw/tlIrYaCLwYlHXMKgjOIsCdqgkWLPEAsKS2lsh7iOJsLaBrWzRdDha/GJGjIYSySR9NUjMHZuXv57OJtTu8r6X958KuVJhmVwGXIFrcAt8cA9KoAwqoAowGIF38AEmzsT5dL6c6aJ1y1nOXICVcr5/AVIDpxA=</latexit><latexit sha1_base64="wMwdhFITx4t8LWzvKO1JHJ02gvg=">AAACKHicbZDLagIxFIYzvVp7m1523YRKoSuZKUK7EYRuXFqoF1A7ZGLUaJKZ5lIYB9+l2/o03RW3fY9C42VRtQcCH/9/DufkD2NGlfa8qbO1vbO7t585yB4eHZ+cumfnNRUZiUkVRyySjRApwqggVU01I41YEsRDRurh8HHm19+IVDQSzzqJSZujnqBdipG2UuBelmERtpThQToo+uMXDsvBIHBzXt6bF9wEfwk5sKxK4P60OhE2nAiNGVKq6XuxbqdIaooZGWdbRpEY4SHqkaZFgThR7XR+/RjeWKUDu5G0T2g4V/9OpIgrlfDQdnKk+2rdm4n/eU2juw/tlIrYaCLwYlHXMKgjOIsCdqgkWLPEAsKS2lsh7iOJsLaBrWzRdDha/GJGjIYSySR9NUjMHZuXv57OJtTu8r6X958KuVJhmVwGXIFrcAt8cA9KoAwqoAowGIF38AEmzsT5dL6c6aJ1y1nOXICVcr5/AVIDpxA=</latexit><latexit sha1_base64="wMwdhFITx4t8LWzvKO1JHJ02gvg=">AAACKHicbZDLagIxFIYzvVp7m1523YRKoSuZKUK7EYRuXFqoF1A7ZGLUaJKZ5lIYB9+l2/o03RW3fY9C42VRtQcCH/9/DufkD2NGlfa8qbO1vbO7t585yB4eHZ+cumfnNRUZiUkVRyySjRApwqggVU01I41YEsRDRurh8HHm19+IVDQSzzqJSZujnqBdipG2UuBelmERtpThQToo+uMXDsvBIHBzXt6bF9wEfwk5sKxK4P60OhE2nAiNGVKq6XuxbqdIaooZGWdbRpEY4SHqkaZFgThR7XR+/RjeWKUDu5G0T2g4V/9OpIgrlfDQdnKk+2rdm4n/eU2juw/tlIrYaCLwYlHXMKgjOIsCdqgkWLPEAsKS2lsh7iOJsLaBrWzRdDha/GJGjIYSySR9NUjMHZuXv57OJtTu8r6X958KuVJhmVwGXIFrcAt8cA9KoAwqoAowGIF38AEmzsT5dL6c6aJ1y1nOXICVcr5/AVIDpxA=</latexit><latexit sha1_base64="wMwdhFITx4t8LWzvKO1JHJ02gvg=">AAACKHicbZDLagIxFIYzvVp7m1523YRKoSuZKUK7EYRuXFqoF1A7ZGLUaJKZ5lIYB9+l2/o03RW3fY9C42VRtQcCH/9/DufkD2NGlfa8qbO1vbO7t585yB4eHZ+cumfnNRUZiUkVRyySjRApwqggVU01I41YEsRDRurh8HHm19+IVDQSzzqJSZujnqBdipG2UuBelmERtpThQToo+uMXDsvBIHBzXt6bF9wEfwk5sKxK4P60OhE2nAiNGVKq6XuxbqdIaooZGWdbRpEY4SHqkaZFgThR7XR+/RjeWKUDu5G0T2g4V/9OpIgrlfDQdnKk+2rdm4n/eU2juw/tlIrYaCLwYlHXMKgjOIsCdqgkWLPEAsKS2lsh7iOJsLaBrWzRdDha/GJGjIYSySR9NUjMHZuXv57OJtTu8r6X958KuVJhmVwGXIFrcAt8cA9KoAwqoAowGIF38AEmzsT5dL6c6aJ1y1nOXICVcr5/AVIDpxA=</latexit>

Hj = Z3 ⌦ Y2 ⌦X1
<latexit sha1_base64="6vjirkYlwsxUuCP9cZ+Q4/TuNCc="></latexit><latexit sha1_base64="6vjirkYlwsxUuCP9cZ+Q4/TuNCc="></latexit><latexit sha1_base64="6vjirkYlwsxUuCP9cZ+Q4/TuNCc="></latexit><latexit sha1_base64="6vjirkYlwsxUuCP9cZ+Q4/TuNCc="></latexit>
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Pauli Tensor Products
can be simulated exactly by Diagonalization

= =Y S
† X S S

† H Z H S
<latexit sha1_base64="v5RVAhppMuokXoxEbihxZuCBQdw="></latexit><latexit sha1_base64="v5RVAhppMuokXoxEbihxZuCBQdw="></latexit><latexit sha1_base64="v5RVAhppMuokXoxEbihxZuCBQdw="></latexit><latexit sha1_base64="v5RVAhppMuokXoxEbihxZuCBQdw="></latexit>

Axis Change

Diagonalization & Break down

=e
�itZ⌦Y⌦X

H

e
�itZ⌦Z⌦Z

H

S
† H H S

<latexit sha1_base64="SVd5jcvVIgrdXoG4KYpUgLZdoCU="></latexit><latexit sha1_base64="SVd5jcvVIgrdXoG4KYpUgLZdoCU="></latexit><latexit sha1_base64="SVd5jcvVIgrdXoG4KYpUgLZdoCU="></latexit><latexit sha1_base64="SVd5jcvVIgrdXoG4KYpUgLZdoCU="></latexit>

= =

H

e
�itZ⌦Z⌦Z

H H H

S
† H H S S

† H H S

e
�itZ

<latexit sha1_base64="RruClWM08HRXa1J5qSlYzY1iulg="></latexit><latexit sha1_base64="RruClWM08HRXa1J5qSlYzY1iulg="></latexit><latexit sha1_base64="RruClWM08HRXa1J5qSlYzY1iulg="></latexit><latexit sha1_base64="RruClWM08HRXa1J5qSlYzY1iulg="></latexit>

Parity

Z ⌦ Z ⌦ Z =

0

BBBBBBBBBB@

1 0 0 0 0 0 0 0
0 �1 0 0 0 0 0 0
0 0 �1 0 0 0 0 0
0 0 0 1 0 0 0 0
0 0 0 0 �1 0 0 0
0 0 0 0 0 1 0 0
0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 �1

1

CCCCCCCCCCA

<latexit sha1_base64="As6UzzqGIiKLwckT/YrTRWWoWEA="></latexit><latexit sha1_base64="As6UzzqGIiKLwckT/YrTRWWoWEA="></latexit><latexit sha1_base64="As6UzzqGIiKLwckT/YrTRWWoWEA="></latexit><latexit sha1_base64="As6UzzqGIiKLwckT/YrTRWWoWEA="></latexit>

Y = S ·H · Z ·H · S†

) e
�itY = e

�it·S·H·Z·H·S†

= S ·H · e�it·Z ·H · S†
<latexit sha1_base64="rb6gcbMLFEJPH4Lf5jXUJkVrxi0="></latexit><latexit sha1_base64="rb6gcbMLFEJPH4Lf5jXUJkVrxi0="></latexit><latexit sha1_base64="rb6gcbMLFEJPH4Lf5jXUJkVrxi0="></latexit><latexit sha1_base64="rb6gcbMLFEJPH4Lf5jXUJkVrxi0="></latexit>
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Sum of (non-commuting) Hj

Problem
If the Hj do not commute,

then the exponential does not factor:

H =
X

j
Hj , e.g. H = X + Z

<latexit sha1_base64="Qiv5fFjkgzpxnydSNVSOtbkxwWc="></latexit><latexit sha1_base64="Qiv5fFjkgzpxnydSNVSOtbkxwWc="></latexit><latexit sha1_base64="Qiv5fFjkgzpxnydSNVSOtbkxwWc="></latexit><latexit sha1_base64="Qiv5fFjkgzpxnydSNVSOtbkxwWc="></latexit>

X · Z =

✓
0 1
1 0

◆
·
✓
1 0
0 �1

◆
=

✓
0 �1
1 0

◆
6=

✓
0 1
�1 0

◆
= Z ·X

<latexit sha1_base64="5M1D8FynJJzHgPnD20qKPme4xcA="></latexit><latexit sha1_base64="5M1D8FynJJzHgPnD20qKPme4xcA="></latexit><latexit sha1_base64="5M1D8FynJJzHgPnD20qKPme4xcA="></latexit><latexit sha1_base64="5M1D8FynJJzHgPnD20qKPme4xcA="></latexit>

e�it·(X+Z) 6= e�itX · e�itZ
<latexit sha1_base64="rs866Xla9pChx16/Fg6flq+/T8M="></latexit><latexit sha1_base64="rs866Xla9pChx16/Fg6flq+/T8M="></latexit><latexit sha1_base64="rs866Xla9pChx16/Fg6flq+/T8M="></latexit><latexit sha1_base64="rs866Xla9pChx16/Fg6flq+/T8M="></latexit>
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Suzuki-Trotter
Small alternating Hj steps

Approximate by:

Example, :
• Exact: numpy

• Trotter: 16 gates

• Suzuki: 9 gates

H =
mX

j=1

Hj = X + Z

<latexit sha1_base64="76br2o33ZKv7KQ1yYfGse2DleTU="></latexit><latexit sha1_base64="76br2o33ZKv7KQ1yYfGse2DleTU="></latexit><latexit sha1_base64="76br2o33ZKv7KQ1yYfGse2DleTU="></latexit><latexit sha1_base64="76br2o33ZKv7KQ1yYfGse2DleTU="></latexit> e�i⇡/2(X+Z)
<latexit sha1_base64="lmrBip3FrwtHYr/Z/h/ikKDKmb0=">AAACJXicbZDLSsNAFIYnXmu9pbp0M1iEiliTUtBlwY3LCvaCbSyT6bQdOpnEmYkSQx/FrX0adyK48kkEJ2kWtvXAwMf/n8M587sBo1JZ1pexsrq2vrGZ28pv7+zu7ZuFg6b0Q4FJA/vMF20XScIoJw1FFSPtQBDkuYy03PF14reeiJDU53cqCojjoSGnA4qR0lLPLJCH+Jx2A3pRgaX22f3ppGcWrbKVFlwGO4MiyKreM3+6fR+HHuEKMyRlx7YC5cRIKIoZmeS7oSQBwmM0JB2NHHlEOnF6+gSeaKUPB77QjyuYqn8nYuRJGXmu7vSQGslFLxH/8zqhGlw5MeVBqAjHs0WDkEHlwyQH2KeCYMUiDQgLqm+FeIQEwkqnNbdF0fHL7BcJMeoKJKL4MUQ8dXRe9mI6y9CslG2rbN9Wi7VqllwOHIFjUAI2uAQ1cAPqoAEweAav4A1MjanxbnwYn7PWFSObOQRzZXz/Am3xpYY=</latexit><latexit sha1_base64="lmrBip3FrwtHYr/Z/h/ikKDKmb0=">AAACJXicbZDLSsNAFIYnXmu9pbp0M1iEiliTUtBlwY3LCvaCbSyT6bQdOpnEmYkSQx/FrX0adyK48kkEJ2kWtvXAwMf/n8M587sBo1JZ1pexsrq2vrGZ28pv7+zu7ZuFg6b0Q4FJA/vMF20XScIoJw1FFSPtQBDkuYy03PF14reeiJDU53cqCojjoSGnA4qR0lLPLJCH+Jx2A3pRgaX22f3ppGcWrbKVFlwGO4MiyKreM3+6fR+HHuEKMyRlx7YC5cRIKIoZmeS7oSQBwmM0JB2NHHlEOnF6+gSeaKUPB77QjyuYqn8nYuRJGXmu7vSQGslFLxH/8zqhGlw5MeVBqAjHs0WDkEHlwyQH2KeCYMUiDQgLqm+FeIQEwkqnNbdF0fHL7BcJMeoKJKL4MUQ8dXRe9mI6y9CslG2rbN9Wi7VqllwOHIFjUAI2uAQ1cAPqoAEweAav4A1MjanxbnwYn7PWFSObOQRzZXz/Am3xpYY=</latexit><latexit sha1_base64="lmrBip3FrwtHYr/Z/h/ikKDKmb0=">AAACJXicbZDLSsNAFIYnXmu9pbp0M1iEiliTUtBlwY3LCvaCbSyT6bQdOpnEmYkSQx/FrX0adyK48kkEJ2kWtvXAwMf/n8M587sBo1JZ1pexsrq2vrGZ28pv7+zu7ZuFg6b0Q4FJA/vMF20XScIoJw1FFSPtQBDkuYy03PF14reeiJDU53cqCojjoSGnA4qR0lLPLJCH+Jx2A3pRgaX22f3ppGcWrbKVFlwGO4MiyKreM3+6fR+HHuEKMyRlx7YC5cRIKIoZmeS7oSQBwmM0JB2NHHlEOnF6+gSeaKUPB77QjyuYqn8nYuRJGXmu7vSQGslFLxH/8zqhGlw5MeVBqAjHs0WDkEHlwyQH2KeCYMUiDQgLqm+FeIQEwkqnNbdF0fHL7BcJMeoKJKL4MUQ8dXRe9mI6y9CslG2rbN9Wi7VqllwOHIFjUAI2uAQ1cAPqoAEweAav4A1MjanxbnwYn7PWFSObOQRzZXz/Am3xpYY=</latexit><latexit sha1_base64="lmrBip3FrwtHYr/Z/h/ikKDKmb0=">AAACJXicbZDLSsNAFIYnXmu9pbp0M1iEiliTUtBlwY3LCvaCbSyT6bQdOpnEmYkSQx/FrX0adyK48kkEJ2kWtvXAwMf/n8M587sBo1JZ1pexsrq2vrGZ28pv7+zu7ZuFg6b0Q4FJA/vMF20XScIoJw1FFSPtQBDkuYy03PF14reeiJDU53cqCojjoSGnA4qR0lLPLJCH+Jx2A3pRgaX22f3ppGcWrbKVFlwGO4MiyKreM3+6fR+HHuEKMyRlx7YC5cRIKIoZmeS7oSQBwmM0JB2NHHlEOnF6+gSeaKUPB77QjyuYqn8nYuRJGXmu7vSQGslFLxH/8zqhGlw5MeVBqAjHs0WDkEHlwyQH2KeCYMUiDQgLqm+FeIQEwkqnNbdF0fHL7BcJMeoKJKL4MUQ8dXRe9mI6y9CslG2rbN9Wi7VqllwOHIFjUAI2uAQ1cAPqoAEweAav4A1MjanxbnwYn7PWFSObOQRzZXz/Am3xpYY=</latexit>

U1(⇡/2, 8)
<latexit sha1_base64="tvlGAJlybPkwHKG+Wg7g98RN2KQ=">AAACH3icbZDNasJAFIUn9s/aP9suuxkqBQvFJiLUpdBNlxYaFTTIZJzo4GQSZyaFNPgc3dan6a5068MUOolZVO2FgY9z7uXeOW7IqFSmuTQKO7t7+wfFw9LR8cnpWfn8oiODSGBi44AFouciSRjlxFZUMdILBUG+y0jXnT6mfveVCEkD/qLikDg+GnPqUYyUlhx7aFUHIb2v38Hm7bBcMWtmVnAbrBwqIK/2sPwzGAU48glXmCEp+5YZKidBQlHMyLw0iCQJEZ6iMelr5Mgn0kmyo+fwRisj6AVCP65gpv6dSJAvZey7utNHaiI3vVT8z+tHyms6CeVhpAjHq0VexKAKYJoAHFFBsGKxBoQF1bdCPEECYaVzWtui6PRt9YuUGHUFEnEyixDPHJ2XtZnONnTqNcusWc+NSquRJ1cEV+AaVIEFHkALPIE2sAEGM/AOPsDCWBifxpfxvWotGPnMJVgrY/kLFPCjSA==</latexit><latexit sha1_base64="tvlGAJlybPkwHKG+Wg7g98RN2KQ=">AAACH3icbZDNasJAFIUn9s/aP9suuxkqBQvFJiLUpdBNlxYaFTTIZJzo4GQSZyaFNPgc3dan6a5068MUOolZVO2FgY9z7uXeOW7IqFSmuTQKO7t7+wfFw9LR8cnpWfn8oiODSGBi44AFouciSRjlxFZUMdILBUG+y0jXnT6mfveVCEkD/qLikDg+GnPqUYyUlhx7aFUHIb2v38Hm7bBcMWtmVnAbrBwqIK/2sPwzGAU48glXmCEp+5YZKidBQlHMyLw0iCQJEZ6iMelr5Mgn0kmyo+fwRisj6AVCP65gpv6dSJAvZey7utNHaiI3vVT8z+tHyms6CeVhpAjHq0VexKAKYJoAHFFBsGKxBoQF1bdCPEECYaVzWtui6PRt9YuUGHUFEnEyixDPHJ2XtZnONnTqNcusWc+NSquRJ1cEV+AaVIEFHkALPIE2sAEGM/AOPsDCWBifxpfxvWotGPnMJVgrY/kLFPCjSA==</latexit><latexit sha1_base64="tvlGAJlybPkwHKG+Wg7g98RN2KQ=">AAACH3icbZDNasJAFIUn9s/aP9suuxkqBQvFJiLUpdBNlxYaFTTIZJzo4GQSZyaFNPgc3dan6a5068MUOolZVO2FgY9z7uXeOW7IqFSmuTQKO7t7+wfFw9LR8cnpWfn8oiODSGBi44AFouciSRjlxFZUMdILBUG+y0jXnT6mfveVCEkD/qLikDg+GnPqUYyUlhx7aFUHIb2v38Hm7bBcMWtmVnAbrBwqIK/2sPwzGAU48glXmCEp+5YZKidBQlHMyLw0iCQJEZ6iMelr5Mgn0kmyo+fwRisj6AVCP65gpv6dSJAvZey7utNHaiI3vVT8z+tHyms6CeVhpAjHq0VexKAKYJoAHFFBsGKxBoQF1bdCPEECYaVzWtui6PRt9YuUGHUFEnEyixDPHJ2XtZnONnTqNcusWc+NSquRJ1cEV+AaVIEFHkALPIE2sAEGM/AOPsDCWBifxpfxvWotGPnMJVgrY/kLFPCjSA==</latexit><latexit sha1_base64="tvlGAJlybPkwHKG+Wg7g98RN2KQ=">AAACH3icbZDNasJAFIUn9s/aP9suuxkqBQvFJiLUpdBNlxYaFTTIZJzo4GQSZyaFNPgc3dan6a5068MUOolZVO2FgY9z7uXeOW7IqFSmuTQKO7t7+wfFw9LR8cnpWfn8oiODSGBi44AFouciSRjlxFZUMdILBUG+y0jXnT6mfveVCEkD/qLikDg+GnPqUYyUlhx7aFUHIb2v38Hm7bBcMWtmVnAbrBwqIK/2sPwzGAU48glXmCEp+5YZKidBQlHMyLw0iCQJEZ6iMelr5Mgn0kmyo+fwRisj6AVCP65gpv6dSJAvZey7utNHaiI3vVT8z+tHyms6CeVhpAjHq0VexKAKYJoAHFFBsGKxBoQF1bdCPEECYaVzWtui6PRt9YuUGHUFEnEyixDPHJ2XtZnONnTqNcusWc+NSquRJ1cEV+AaVIEFHkALPIE2sAEGM/AOPsDCWBifxpfxvWotGPnMJVgrY/kLFPCjSA==</latexit>

U2(⇡/2, 4)
<latexit sha1_base64="Xa35tIWvmbcMHaMWM0/ttuiDueo=">AAACH3icbZBdSwJBFIZn7cvsy+qymyEJDMJ2RahLoZsuDVoTdJGz46iDs7PrzGywLf6ObvPXdBfd+mOCxtWL1A4MPLzvOZwzrx9xprRtz6zc1vbO7l5+v3BweHR8Ujw9a6owloS6JOShbPmgKGeCupppTluRpBD4nL74o4e5//JKpWKheNZJRL0ABoL1GQFtJM/tVsudiN1Wb3Dtulss2RU7K7wJzhJKaFmNbvGn0wtJHFChCQel2o4daS8FqRnhdFLoxIpGQEYwoG2DAgKqvDQ7eoKvjNLD/VCaJzTO1L8TKQRKJYFvOgPQQ7XuzcX/vHas+/deykQUayrIYlE/5liHeJ4A7jFJieaJASCSmVsxGYIEok1OK1s0G70tfjEnznwJMknHMYjMMXk56+lsQrNaceyK81Qr1WvL5PLoAl2iMnLQHaqjR9RALiJojN7RB5paU+vT+rK+F605azlzjlbKmv0CD+mjRQ==</latexit><latexit sha1_base64="Xa35tIWvmbcMHaMWM0/ttuiDueo=">AAACH3icbZBdSwJBFIZn7cvsy+qymyEJDMJ2RahLoZsuDVoTdJGz46iDs7PrzGywLf6ObvPXdBfd+mOCxtWL1A4MPLzvOZwzrx9xprRtz6zc1vbO7l5+v3BweHR8Ujw9a6owloS6JOShbPmgKGeCupppTluRpBD4nL74o4e5//JKpWKheNZJRL0ABoL1GQFtJM/tVsudiN1Wb3Dtulss2RU7K7wJzhJKaFmNbvGn0wtJHFChCQel2o4daS8FqRnhdFLoxIpGQEYwoG2DAgKqvDQ7eoKvjNLD/VCaJzTO1L8TKQRKJYFvOgPQQ7XuzcX/vHas+/deykQUayrIYlE/5liHeJ4A7jFJieaJASCSmVsxGYIEok1OK1s0G70tfjEnznwJMknHMYjMMXk56+lsQrNaceyK81Qr1WvL5PLoAl2iMnLQHaqjR9RALiJojN7RB5paU+vT+rK+F605azlzjlbKmv0CD+mjRQ==</latexit><latexit sha1_base64="Xa35tIWvmbcMHaMWM0/ttuiDueo=">AAACH3icbZBdSwJBFIZn7cvsy+qymyEJDMJ2RahLoZsuDVoTdJGz46iDs7PrzGywLf6ObvPXdBfd+mOCxtWL1A4MPLzvOZwzrx9xprRtz6zc1vbO7l5+v3BweHR8Ujw9a6owloS6JOShbPmgKGeCupppTluRpBD4nL74o4e5//JKpWKheNZJRL0ABoL1GQFtJM/tVsudiN1Wb3Dtulss2RU7K7wJzhJKaFmNbvGn0wtJHFChCQel2o4daS8FqRnhdFLoxIpGQEYwoG2DAgKqvDQ7eoKvjNLD/VCaJzTO1L8TKQRKJYFvOgPQQ7XuzcX/vHas+/deykQUayrIYlE/5liHeJ4A7jFJieaJASCSmVsxGYIEok1OK1s0G70tfjEnznwJMknHMYjMMXk56+lsQrNaceyK81Qr1WvL5PLoAl2iMnLQHaqjR9RALiJojN7RB5paU+vT+rK+F605azlzjlbKmv0CD+mjRQ==</latexit><latexit sha1_base64="Xa35tIWvmbcMHaMWM0/ttuiDueo=">AAACH3icbZBdSwJBFIZn7cvsy+qymyEJDMJ2RahLoZsuDVoTdJGz46iDs7PrzGywLf6ObvPXdBfd+mOCxtWL1A4MPLzvOZwzrx9xprRtz6zc1vbO7l5+v3BweHR8Ujw9a6owloS6JOShbPmgKGeCupppTluRpBD4nL74o4e5//JKpWKheNZJRL0ABoL1GQFtJM/tVsudiN1Wb3Dtulss2RU7K7wJzhJKaFmNbvGn0wtJHFChCQel2o4daS8FqRnhdFLoxIpGQEYwoG2DAgKqvDQ7eoKvjNLD/VCaJzTO1L8TKQRKJYFvOgPQQ7XuzcX/vHas+/deykQUayrIYlE/5liHeJ4A7jFJieaJASCSmVsxGYIEok1OK1s0G70tfjEnznwJMknHMYjMMXk56+lsQrNaceyK81Qr1WvL5PLoAl2iMnLQHaqjR9RALiJojN7RB5paU+vT+rK+F605azlzjlbKmv0CD+mjRQ==</latexit>

t = ⇡/2
<latexit sha1_base64="R79xKrHOUsdqKCm0ekuiHiGfbNc=">AAACGXicbVBNS8NAEN3Ur1q/qh69BIvgqSaloBeh4MVjBfsBbSib7aZdstnE3YkQQ3+EV/trvIlXT/4YwU2ag219MPB4b4aZeW7EmQLL+jZKG5tb2zvl3cre/sHhUfX4pKvCWBLaISEPZd/FinImaAcYcNqPJMWBy2nP9e8yv/dMpWKheIQkok6AJ4J5jGDQUg9uhxG7aoyqNatu5TDXiV2QGirQHlV/huOQxAEVQDhWamBbETgplsAIp7PKMFY0wsTHEzrQVOCAKifNz52ZF1oZm14odQkwc/XvRIoDpZLA1Z0Bhqla9TLxP28Qg3fjpExEMVBBFou8mJsQmtnv5phJSoAnmmAimb7VJFMsMQGd0NIWYP7L4ouMceZKLJP0KcYid3Re9mo666TbqNtW3X5o1lrNIrkyOkPn6BLZ6Bq10D1qow4iyEev6A3NjbnxbnwYn4vWklHMnKIlGF+/aQ6iAw==</latexit><latexit sha1_base64="R79xKrHOUsdqKCm0ekuiHiGfbNc=">AAACGXicbVBNS8NAEN3Ur1q/qh69BIvgqSaloBeh4MVjBfsBbSib7aZdstnE3YkQQ3+EV/trvIlXT/4YwU2ag219MPB4b4aZeW7EmQLL+jZKG5tb2zvl3cre/sHhUfX4pKvCWBLaISEPZd/FinImaAcYcNqPJMWBy2nP9e8yv/dMpWKheIQkok6AJ4J5jGDQUg9uhxG7aoyqNatu5TDXiV2QGirQHlV/huOQxAEVQDhWamBbETgplsAIp7PKMFY0wsTHEzrQVOCAKifNz52ZF1oZm14odQkwc/XvRIoDpZLA1Z0Bhqla9TLxP28Qg3fjpExEMVBBFou8mJsQmtnv5phJSoAnmmAimb7VJFMsMQGd0NIWYP7L4ouMceZKLJP0KcYid3Re9mo666TbqNtW3X5o1lrNIrkyOkPn6BLZ6Bq10D1qow4iyEev6A3NjbnxbnwYn4vWklHMnKIlGF+/aQ6iAw==</latexit><latexit sha1_base64="R79xKrHOUsdqKCm0ekuiHiGfbNc=">AAACGXicbVBNS8NAEN3Ur1q/qh69BIvgqSaloBeh4MVjBfsBbSib7aZdstnE3YkQQ3+EV/trvIlXT/4YwU2ag219MPB4b4aZeW7EmQLL+jZKG5tb2zvl3cre/sHhUfX4pKvCWBLaISEPZd/FinImaAcYcNqPJMWBy2nP9e8yv/dMpWKheIQkok6AJ4J5jGDQUg9uhxG7aoyqNatu5TDXiV2QGirQHlV/huOQxAEVQDhWamBbETgplsAIp7PKMFY0wsTHEzrQVOCAKifNz52ZF1oZm14odQkwc/XvRIoDpZLA1Z0Bhqla9TLxP28Qg3fjpExEMVBBFou8mJsQmtnv5phJSoAnmmAimb7VJFMsMQGd0NIWYP7L4ouMceZKLJP0KcYid3Re9mo666TbqNtW3X5o1lrNIrkyOkPn6BLZ6Bq10D1qow4iyEev6A3NjbnxbnwYn4vWklHMnKIlGF+/aQ6iAw==</latexit><latexit sha1_base64="R79xKrHOUsdqKCm0ekuiHiGfbNc=">AAACGXicbVBNS8NAEN3Ur1q/qh69BIvgqSaloBeh4MVjBfsBbSib7aZdstnE3YkQQ3+EV/trvIlXT/4YwU2ag219MPB4b4aZeW7EmQLL+jZKG5tb2zvl3cre/sHhUfX4pKvCWBLaISEPZd/FinImaAcYcNqPJMWBy2nP9e8yv/dMpWKheIQkok6AJ4J5jGDQUg9uhxG7aoyqNatu5TDXiV2QGirQHlV/huOQxAEVQDhWamBbETgplsAIp7PKMFY0wsTHEzrQVOCAKifNz52ZF1oZm14odQkwc/XvRIoDpZLA1Z0Bhqla9TLxP28Qg3fjpExEMVBBFou8mJsQmtnv5phJSoAnmmAimb7VJFMsMQGd0NIWYP7L4ouMceZKLJP0KcYid3Re9mo666TbqNtW3X5o1lrNIrkyOkPn6BLZ6Bq10D1qow4iyEev6A3NjbnxbnwYn4vWklHMnKIlGF+/aQ6iAw==</latexit>
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with pk = 1/(4� 41/(2k�1))
<latexit sha1_base64="xMCE5TJrR+dsezzn1sp/5MdP8Zk="></latexit><latexit sha1_base64="xMCE5TJrR+dsezzn1sp/5MdP8Zk="></latexit><latexit sha1_base64="xMCE5TJrR+dsezzn1sp/5MdP8Zk="></latexit><latexit sha1_base64="xMCE5TJrR+dsezzn1sp/5MdP8Zk="></latexit>
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Hamiltonian Simulation Results
Number of “easy” exponentials for error and time t

• From Physics: Sum of Pauli Tensor Product terms

• From Mathematics:
Decompose s-sparse H into Sum of m = 6s2 1-sparse Hamiltonians, 
then use techniques from above:

 "
<latexit sha1_base64="NLE0HjU+/TC7vnGq5K9zbHlLYBI=">AAACJHicbZBNSwMxEIaz9avWr6pHL8EieCq7Iuix4MVjBfsBbSmz6bQNzWa3SbZQl/4Tr/bXeBMPXvwngtltD7Z1IPDwvjPM5PUjwbVx3S8nt7W9s7uX3y8cHB4dnxRPz+o6jBXDGgtFqJo+aBRcYs1wI7AZKYTAF9jwRw+p35ig0jyUz2YaYSeAgeR9zsBYqVsstgWOaXsCCiPNRSqV3LKbFd0Ebwklsqxqt/jT7oUsDlAaJkDrludGppOAMpwJnBXascYI2AgG2LIoIUDdSbLLZ/TKKj3aD5V90tBM/TuRQKD1NPBtZwBmqNe9VPzPa8Wmf99JuIxig5ItFvVjQU1I0xhojytkRkwtAFPc3krZEBQwY8Na2WL46GXxi5QE9xWoaTKOQWaOzctbT2cT6jdlzy17T7elyu0yuTy5IJfkmnjkjlTII6mSGmFkQl7JG5k7c+fd+XA+F605ZzlzTlbK+f4FPBKmpA==</latexit><latexit sha1_base64="NLE0HjU+/TC7vnGq5K9zbHlLYBI=">AAACJHicbZBNSwMxEIaz9avWr6pHL8EieCq7Iuix4MVjBfsBbSmz6bQNzWa3SbZQl/4Tr/bXeBMPXvwngtltD7Z1IPDwvjPM5PUjwbVx3S8nt7W9s7uX3y8cHB4dnxRPz+o6jBXDGgtFqJo+aBRcYs1wI7AZKYTAF9jwRw+p35ig0jyUz2YaYSeAgeR9zsBYqVsstgWOaXsCCiPNRSqV3LKbFd0Ebwklsqxqt/jT7oUsDlAaJkDrludGppOAMpwJnBXascYI2AgG2LIoIUDdSbLLZ/TKKj3aD5V90tBM/TuRQKD1NPBtZwBmqNe9VPzPa8Wmf99JuIxig5ItFvVjQU1I0xhojytkRkwtAFPc3krZEBQwY8Na2WL46GXxi5QE9xWoaTKOQWaOzctbT2cT6jdlzy17T7elyu0yuTy5IJfkmnjkjlTII6mSGmFkQl7JG5k7c+fd+XA+F605ZzlzTlbK+f4FPBKmpA==</latexit><latexit sha1_base64="NLE0HjU+/TC7vnGq5K9zbHlLYBI=">AAACJHicbZBNSwMxEIaz9avWr6pHL8EieCq7Iuix4MVjBfsBbSmz6bQNzWa3SbZQl/4Tr/bXeBMPXvwngtltD7Z1IPDwvjPM5PUjwbVx3S8nt7W9s7uX3y8cHB4dnxRPz+o6jBXDGgtFqJo+aBRcYs1wI7AZKYTAF9jwRw+p35ig0jyUz2YaYSeAgeR9zsBYqVsstgWOaXsCCiPNRSqV3LKbFd0Ebwklsqxqt/jT7oUsDlAaJkDrludGppOAMpwJnBXascYI2AgG2LIoIUDdSbLLZ/TKKj3aD5V90tBM/TuRQKD1NPBtZwBmqNe9VPzPa8Wmf99JuIxig5ItFvVjQU1I0xhojytkRkwtAFPc3krZEBQwY8Na2WL46GXxi5QE9xWoaTKOQWaOzctbT2cT6jdlzy17T7elyu0yuTy5IJfkmnjkjlTII6mSGmFkQl7JG5k7c+fd+XA+F605ZzlzTlbK+f4FPBKmpA==</latexit><latexit sha1_base64="NLE0HjU+/TC7vnGq5K9zbHlLYBI=">AAACJHicbZBNSwMxEIaz9avWr6pHL8EieCq7Iuix4MVjBfsBbSmz6bQNzWa3SbZQl/4Tr/bXeBMPXvwngtltD7Z1IPDwvjPM5PUjwbVx3S8nt7W9s7uX3y8cHB4dnxRPz+o6jBXDGgtFqJo+aBRcYs1wI7AZKYTAF9jwRw+p35ig0jyUz2YaYSeAgeR9zsBYqVsstgWOaXsCCiPNRSqV3LKbFd0Ebwklsqxqt/jT7oUsDlAaJkDrludGppOAMpwJnBXascYI2AgG2LIoIUDdSbLLZ/TKKj3aD5V90tBM/TuRQKD1NPBtZwBmqNe9VPzPa8Wmf99JuIxig5ItFvVjQU1I0xhojytkRkwtAFPc3krZEBQwY8Na2WL46GXxi5QE9xWoaTKOQWaOzctbT2cT6jdlzy17T7elyu0yuTy5IJfkmnjkjlTII6mSGmFkQl7JG5k7c+fd+XA+F605ZzlzTlbK+f4FPBKmpA==</latexit>

Nexp  52k2m(m · t · ||H||)1+1/2k
/"

1/2k
⇡ eO(m2

· t · ||H||)
<latexit sha1_base64="ybQ/CkqDaYmwRwKlkqryNBOmah0="></latexit><latexit sha1_base64="ybQ/CkqDaYmwRwKlkqryNBOmah0="></latexit><latexit sha1_base64="ybQ/CkqDaYmwRwKlkqryNBOmah0="></latexit><latexit sha1_base64="ybQ/CkqDaYmwRwKlkqryNBOmah0="></latexit>

Nexp ⇡ eO(s4 · t · ||H||), plus eO(logNs
4
· t · ||H||) extra gates.

<latexit sha1_base64="qP8B66gFx17Y/QPpc/X6oyIA6D4="></latexit><latexit sha1_base64="qP8B66gFx17Y/QPpc/X6oyIA6D4="></latexit><latexit sha1_base64="qP8B66gFx17Y/QPpc/X6oyIA6D4="></latexit><latexit sha1_base64="qP8B66gFx17Y/QPpc/X6oyIA6D4="></latexit>

Quantum Speedup: Exponential
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Recall Recap

Phase Kickback

Amplitude Amplification
Given algorithm A with success 
probability p, one can do 
• Classical

Repeating A for 1/p times
• Quantum

Boost amplitudes
over √1/p rounds

Quantum Fourier Transform

|0i+e2⇡i0.�n...�1 |1ip
2
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. . .
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<latexit sha1_base64="JnpSpyzoxG0nQGbA3NT+p3/j7j4="></latexit><latexit sha1_base64="JnpSpyzoxG0nQGbA3NT+p3/j7j4="></latexit><latexit sha1_base64="JnpSpyzoxG0nQGbA3NT+p3/j7j4="></latexit><latexit sha1_base64="JnpSpyzoxG0nQGbA3NT+p3/j7j4="></latexit>

Phase Estimation

1O

k=n

|�ki
<latexit sha1_base64="EglaigjQtGWPVlhGH09IYCx8Skg="></latexit><latexit sha1_base64="EglaigjQtGWPVlhGH09IYCx8Skg="></latexit><latexit sha1_base64="EglaigjQtGWPVlhGH09IYCx8Skg="></latexit><latexit sha1_base64="EglaigjQtGWPVlhGH09IYCx8Skg="></latexit>

nO

k=1

�
|0i+ e2⇡i 0.�k...�1 |1i

�

<latexit sha1_base64="XZWcb7EY/LyhdPWsk4x9fA2lnH8="></latexit><latexit sha1_base64="XZWcb7EY/LyhdPWsk4x9fA2lnH8="></latexit><latexit sha1_base64="XZWcb7EY/LyhdPWsk4x9fA2lnH8="></latexit><latexit sha1_base64="XZWcb7EY/LyhdPWsk4x9fA2lnH8="></latexit>

QFT

Inverse QFT
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Classical problem Conjugate gradient method:
NxN Matrix A:
• Condition number κ Solves
• Sparsity s
• A positive semidefinit

Linear System Problems
Classical and Quantum (Harrow, Hassidim, Lloyd)

A · ~x = ~b
<latexit sha1_base64="70Rh3WNcaNv5pTG/82eYjK3yHpw=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBFclEcFuhIoblxXsBZpQJpNJO3QyE2YmxRLixldx40IRt76FO9/GaZuFtv4w8PGfczhz/iBhVGnH+bZKK6tr6xvlzcrW9s7unr1/0FYilZi0sGBCdgOkCKOctDTVjHQTSVAcMNIJRjfTemdMpKKC3+tJQvwYDTiNKEbaWH376NrDodDQGxOcPeTwak5B3rerTs2ZCS6DW0AVFGr27S8vFDiNCdeYIaV6rpNoP0NSU8xIXvFSRRKER2hAegY5ionys9kFOTw1TggjIc3jGs7c3xMZipWaxIHpjJEeqsXa1Pyv1kt1VPczypNUE47ni6KUQS3gNA4YUkmwZhMDCEtq/grxEEmEtQmtYkJwF09ehvZ5zXVq7t1FtVEv4iiDY3ACzoALLkED3IImaAEMHsEzeAVv1pP1Yr1bH/PWklXMHII/sj5/ANPLlnM=</latexit><latexit sha1_base64="70Rh3WNcaNv5pTG/82eYjK3yHpw=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBFclEcFuhIoblxXsBZpQJpNJO3QyE2YmxRLixldx40IRt76FO9/GaZuFtv4w8PGfczhz/iBhVGnH+bZKK6tr6xvlzcrW9s7unr1/0FYilZi0sGBCdgOkCKOctDTVjHQTSVAcMNIJRjfTemdMpKKC3+tJQvwYDTiNKEbaWH376NrDodDQGxOcPeTwak5B3rerTs2ZCS6DW0AVFGr27S8vFDiNCdeYIaV6rpNoP0NSU8xIXvFSRRKER2hAegY5ionys9kFOTw1TggjIc3jGs7c3xMZipWaxIHpjJEeqsXa1Pyv1kt1VPczypNUE47ni6KUQS3gNA4YUkmwZhMDCEtq/grxEEmEtQmtYkJwF09ehvZ5zXVq7t1FtVEv4iiDY3ACzoALLkED3IImaAEMHsEzeAVv1pP1Yr1bH/PWklXMHII/sj5/ANPLlnM=</latexit><latexit sha1_base64="70Rh3WNcaNv5pTG/82eYjK3yHpw=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBFclEcFuhIoblxXsBZpQJpNJO3QyE2YmxRLixldx40IRt76FO9/GaZuFtv4w8PGfczhz/iBhVGnH+bZKK6tr6xvlzcrW9s7unr1/0FYilZi0sGBCdgOkCKOctDTVjHQTSVAcMNIJRjfTemdMpKKC3+tJQvwYDTiNKEbaWH376NrDodDQGxOcPeTwak5B3rerTs2ZCS6DW0AVFGr27S8vFDiNCdeYIaV6rpNoP0NSU8xIXvFSRRKER2hAegY5ionys9kFOTw1TggjIc3jGs7c3xMZipWaxIHpjJEeqsXa1Pyv1kt1VPczypNUE47ni6KUQS3gNA4YUkmwZhMDCEtq/grxEEmEtQmtYkJwF09ehvZ5zXVq7t1FtVEv4iiDY3ACzoALLkED3IImaAEMHsEzeAVv1pP1Yr1bH/PWklXMHII/sj5/ANPLlnM=</latexit><latexit sha1_base64="70Rh3WNcaNv5pTG/82eYjK3yHpw=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBFclEcFuhIoblxXsBZpQJpNJO3QyE2YmxRLixldx40IRt76FO9/GaZuFtv4w8PGfczhz/iBhVGnH+bZKK6tr6xvlzcrW9s7unr1/0FYilZi0sGBCdgOkCKOctDTVjHQTSVAcMNIJRjfTemdMpKKC3+tJQvwYDTiNKEbaWH376NrDodDQGxOcPeTwak5B3rerTs2ZCS6DW0AVFGr27S8vFDiNCdeYIaV6rpNoP0NSU8xIXvFSRRKER2hAegY5ionys9kFOTw1TggjIc3jGs7c3xMZipWaxIHpjJEeqsXa1Pyv1kt1VPczypNUE47ni6KUQS3gNA4YUkmwZhMDCEtq/grxEEmEtQmtYkJwF09ehvZ5zXVq7t1FtVEv4iiDY3ACzoALLkED3IImaAEMHsEzeAVv1pP1Yr1bH/PWklXMHII/sj5/ANPLlnM=</latexit>

O(Ns
p
 log(1/"))

<latexit sha1_base64="rlnKfF0jPmrFIeO22p++p53kxIA=">AAACGXicbVDLSgMxFM34rPVVdekmWIS6qTNS0KXgxpVWsK3QGcqdNK2hmSQmGaEM8xtu/BU3LhRxqSv/xvSx0OqBwOGce7k5J1acGev7X97c/MLi0nJhpbi6tr6xWdrabhqZakIbRHKpb2IwlDNBG5ZZTm+UppDEnLbiwdnIb91TbZgU13aoaJRAX7AeI2Cd1Cn5YQL2lgDPLvPKhQnNnbZZOAClIMchl/1KcBjeg6bKMC7FwUGnVPar/hj4LwmmpIymqHdKH2FXkjShwhIOxrQDX9koA20Z4TQvhqmhCsgA+rTtqICEmigbJ8vxvlO6uCe1e8LisfpzI4PEmGESu8lRDjPrjcT/vHZqeydRxoRKLRVkcqiXcmwlHtWEu0xTYvnQESCaub9icgsaiHVlFl0JwWzkv6R5VA38anBVK5/WpnUU0C7aQxUUoGN0is5RHTUQQQ/oCb2gV+/Re/bevPfJ6Jw33dlBv+B9fgOt26Ch</latexit><latexit sha1_base64="rlnKfF0jPmrFIeO22p++p53kxIA=">AAACGXicbVDLSgMxFM34rPVVdekmWIS6qTNS0KXgxpVWsK3QGcqdNK2hmSQmGaEM8xtu/BU3LhRxqSv/xvSx0OqBwOGce7k5J1acGev7X97c/MLi0nJhpbi6tr6xWdrabhqZakIbRHKpb2IwlDNBG5ZZTm+UppDEnLbiwdnIb91TbZgU13aoaJRAX7AeI2Cd1Cn5YQL2lgDPLvPKhQnNnbZZOAClIMchl/1KcBjeg6bKMC7FwUGnVPar/hj4LwmmpIymqHdKH2FXkjShwhIOxrQDX9koA20Z4TQvhqmhCsgA+rTtqICEmigbJ8vxvlO6uCe1e8LisfpzI4PEmGESu8lRDjPrjcT/vHZqeydRxoRKLRVkcqiXcmwlHtWEu0xTYvnQESCaub9icgsaiHVlFl0JwWzkv6R5VA38anBVK5/WpnUU0C7aQxUUoGN0is5RHTUQQQ/oCb2gV+/Re/bevPfJ6Jw33dlBv+B9fgOt26Ch</latexit><latexit sha1_base64="rlnKfF0jPmrFIeO22p++p53kxIA=">AAACGXicbVDLSgMxFM34rPVVdekmWIS6qTNS0KXgxpVWsK3QGcqdNK2hmSQmGaEM8xtu/BU3LhRxqSv/xvSx0OqBwOGce7k5J1acGev7X97c/MLi0nJhpbi6tr6xWdrabhqZakIbRHKpb2IwlDNBG5ZZTm+UppDEnLbiwdnIb91TbZgU13aoaJRAX7AeI2Cd1Cn5YQL2lgDPLvPKhQnNnbZZOAClIMchl/1KcBjeg6bKMC7FwUGnVPar/hj4LwmmpIymqHdKH2FXkjShwhIOxrQDX9koA20Z4TQvhqmhCsgA+rTtqICEmigbJ8vxvlO6uCe1e8LisfpzI4PEmGESu8lRDjPrjcT/vHZqeydRxoRKLRVkcqiXcmwlHtWEu0xTYvnQESCaub9icgsaiHVlFl0JwWzkv6R5VA38anBVK5/WpnUU0C7aQxUUoGN0is5RHTUQQQ/oCb2gV+/Re/bevPfJ6Jw33dlBv+B9fgOt26Ch</latexit><latexit sha1_base64="rlnKfF0jPmrFIeO22p++p53kxIA=">AAACGXicbVDLSgMxFM34rPVVdekmWIS6qTNS0KXgxpVWsK3QGcqdNK2hmSQmGaEM8xtu/BU3LhRxqSv/xvSx0OqBwOGce7k5J1acGev7X97c/MLi0nJhpbi6tr6xWdrabhqZakIbRHKpb2IwlDNBG5ZZTm+UppDEnLbiwdnIb91TbZgU13aoaJRAX7AeI2Cd1Cn5YQL2lgDPLvPKhQnNnbZZOAClIMchl/1KcBjeg6bKMC7FwUGnVPar/hj4LwmmpIymqHdKH2FXkjShwhIOxrQDX9koA20Z4TQvhqmhCsgA+rTtqICEmigbJ8vxvlO6uCe1e8LisfpzI4PEmGESu8lRDjPrjcT/vHZqeydRxoRKLRVkcqiXcmwlHtWEu0xTYvnQESCaub9icgsaiHVlFl0JwWzkv6R5VA38anBVK5/WpnUU0C7aQxUUoGN0is5RHTUQQQ/oCb2gV+/Re/bevPfJ6Jw33dlBv+B9fgOt26Ch</latexit>

Quantum problem
Additionally:
• Eigenvalues in [1/κ, 1]
• preparable in time TB
• Oracle access to A in time TA
• A Hermitian, 
• no interest in all entries of x

~x = A�1 ·~b
<latexit sha1_base64="7YFrDqGBdhO0elt4AMOImAQSDE0=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgxpJIQTdCxY3LCvYBTSyTyaQdOpmEmUmxhOzc+CtuXCji1l9w5984TbPQ1gMXDufcy733eDGjUlnWt1FaWl5ZXSuvVzY2t7Z3zN29towSgUkLRywSXQ9JwignLUUVI91YEBR6jHS80fXU74yJkDTid2oSEzdEA04DipHSUt88dMYEpw8ZvIRX9+mpnUEH+5GCuexlfbNq1awccJHYBamCAs2++eX4EU5CwhVmSMqebcXKTZFQFDOSVZxEkhjhERqQnqYchUS6af5HBo+14sMgErq4grn6eyJFoZST0NOdIVJDOe9Nxf+8XqKCCzelPE4U4Xi2KEgYVBGchgJ9KghWbKIJwoLqWyEeIoGw0tFVdAj2/MuLpH1Ws62afVuvNupFHGVwAI7ACbDBOWiAG9AELYDBI3gGr+DNeDJejHfjY9ZaMoqZffAHxucPq66Yfw==</latexit><latexit sha1_base64="7YFrDqGBdhO0elt4AMOImAQSDE0=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgxpJIQTdCxY3LCvYBTSyTyaQdOpmEmUmxhOzc+CtuXCji1l9w5984TbPQ1gMXDufcy733eDGjUlnWt1FaWl5ZXSuvVzY2t7Z3zN29towSgUkLRywSXQ9JwignLUUVI91YEBR6jHS80fXU74yJkDTid2oSEzdEA04DipHSUt88dMYEpw8ZvIRX9+mpnUEH+5GCuexlfbNq1awccJHYBamCAs2++eX4EU5CwhVmSMqebcXKTZFQFDOSVZxEkhjhERqQnqYchUS6af5HBo+14sMgErq4grn6eyJFoZST0NOdIVJDOe9Nxf+8XqKCCzelPE4U4Xi2KEgYVBGchgJ9KghWbKIJwoLqWyEeIoGw0tFVdAj2/MuLpH1Ws62afVuvNupFHGVwAI7ACbDBOWiAG9AELYDBI3gGr+DNeDJejHfjY9ZaMoqZffAHxucPq66Yfw==</latexit><latexit sha1_base64="7YFrDqGBdhO0elt4AMOImAQSDE0=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgxpJIQTdCxY3LCvYBTSyTyaQdOpmEmUmxhOzc+CtuXCji1l9w5984TbPQ1gMXDufcy733eDGjUlnWt1FaWl5ZXSuvVzY2t7Z3zN29towSgUkLRywSXQ9JwignLUUVI91YEBR6jHS80fXU74yJkDTid2oSEzdEA04DipHSUt88dMYEpw8ZvIRX9+mpnUEH+5GCuexlfbNq1awccJHYBamCAs2++eX4EU5CwhVmSMqebcXKTZFQFDOSVZxEkhjhERqQnqYchUS6af5HBo+14sMgErq4grn6eyJFoZST0NOdIVJDOe9Nxf+8XqKCCzelPE4U4Xi2KEgYVBGchgJ9KghWbKIJwoLqWyEeIoGw0tFVdAj2/MuLpH1Ws62afVuvNupFHGVwAI7ACbDBOWiAG9AELYDBI3gGr+DNeDJejHfjY9ZaMoqZffAHxucPq66Yfw==</latexit><latexit sha1_base64="7YFrDqGBdhO0elt4AMOImAQSDE0=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgxpJIQTdCxY3LCvYBTSyTyaQdOpmEmUmxhOzc+CtuXCji1l9w5984TbPQ1gMXDufcy733eDGjUlnWt1FaWl5ZXSuvVzY2t7Z3zN29towSgUkLRywSXQ9JwignLUUVI91YEBR6jHS80fXU74yJkDTid2oSEzdEA04DipHSUt88dMYEpw8ZvIRX9+mpnUEH+5GCuexlfbNq1awccJHYBamCAs2++eX4EU5CwhVmSMqebcXKTZFQFDOSVZxEkhjhERqQnqYchUS6af5HBo+14sMgErq4grn6eyJFoZST0NOdIVJDOe9Nxf+8XqKCCzelPE4U4Xi2KEgYVBGchgJ9KghWbKIJwoLqWyEeIoGw0tFVdAj2/MuLpH1Ws62afVuvNupFHGVwAI7ACbDBOWiAG9AELYDBI3gGr+DNeDJejHfjY9ZaMoqZffAHxucPq66Yfw==</latexit>

A = A†
<latexit sha1_base64="UuZOfW5EUJ/2/h52hGojLNm1dZ8=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoigl6EFi8eK9gPaGPZbCbp0s0m7G6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMPD/lTGnH+bZKa+sbm1vl7crO7t5+1T447KgkkxTaNOGJ7PlEAWcC2pppDr1UAol9Dl1/fDPzu48gFUvEvZ6k4MUkEixklGgjDe1qE1/j5kM+CEgUgZwO7ZpTd+bAq8QtSA0VaA3tr0GQ0CwGoSknSvVdJ9VeTqRmlMO0MsgUpISOSQR9QwWJQXn5/PApPjVKgMNEmhIaz9XfEzmJlZrEvumMiR6pZW8m/uf1Mx1eeTkTaaZB0MWiMONYJ3iWAg6YBKr5xBBCJTO3YjoiklBtsqqYENzll1dJ57zuOnX37qLWuCjiKKNjdILOkIsuUQPdohZqI4oy9Ixe0Zv1ZL1Y79bHorVkFTNH6A+szx+EcJJO</latexit><latexit sha1_base64="UuZOfW5EUJ/2/h52hGojLNm1dZ8=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoigl6EFi8eK9gPaGPZbCbp0s0m7G6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMPD/lTGnH+bZKa+sbm1vl7crO7t5+1T447KgkkxTaNOGJ7PlEAWcC2pppDr1UAol9Dl1/fDPzu48gFUvEvZ6k4MUkEixklGgjDe1qE1/j5kM+CEgUgZwO7ZpTd+bAq8QtSA0VaA3tr0GQ0CwGoSknSvVdJ9VeTqRmlMO0MsgUpISOSQR9QwWJQXn5/PApPjVKgMNEmhIaz9XfEzmJlZrEvumMiR6pZW8m/uf1Mx1eeTkTaaZB0MWiMONYJ3iWAg6YBKr5xBBCJTO3YjoiklBtsqqYENzll1dJ57zuOnX37qLWuCjiKKNjdILOkIsuUQPdohZqI4oy9Ixe0Zv1ZL1Y79bHorVkFTNH6A+szx+EcJJO</latexit><latexit sha1_base64="UuZOfW5EUJ/2/h52hGojLNm1dZ8=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoigl6EFi8eK9gPaGPZbCbp0s0m7G6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMPD/lTGnH+bZKa+sbm1vl7crO7t5+1T447KgkkxTaNOGJ7PlEAWcC2pppDr1UAol9Dl1/fDPzu48gFUvEvZ6k4MUkEixklGgjDe1qE1/j5kM+CEgUgZwO7ZpTd+bAq8QtSA0VaA3tr0GQ0CwGoSknSvVdJ9VeTqRmlMO0MsgUpISOSQR9QwWJQXn5/PApPjVKgMNEmhIaz9XfEzmJlZrEvumMiR6pZW8m/uf1Mx1eeTkTaaZB0MWiMONYJ3iWAg6YBKr5xBBCJTO3YjoiklBtsqqYENzll1dJ57zuOnX37qLWuCjiKKNjdILOkIsuUQPdohZqI4oy9Ixe0Zv1ZL1Y79bHorVkFTNH6A+szx+EcJJO</latexit><latexit sha1_base64="UuZOfW5EUJ/2/h52hGojLNm1dZ8=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoigl6EFi8eK9gPaGPZbCbp0s0m7G6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMPD/lTGnH+bZKa+sbm1vl7crO7t5+1T447KgkkxTaNOGJ7PlEAWcC2pppDr1UAol9Dl1/fDPzu48gFUvEvZ6k4MUkEixklGgjDe1qE1/j5kM+CEgUgZwO7ZpTd+bAq8QtSA0VaA3tr0GQ0CwGoSknSvVdJ9VeTqRmlMO0MsgUpISOSQR9QwWJQXn5/PApPjVKgMNEmhIaz9XfEzmJlZrEvumMiR6pZW8m/uf1Mx1eeTkTaaZB0MWiMONYJ3iWAg6YBKr5xBBCJTO3YjoiklBtsqqYENzll1dJ57zuOnX37qLWuCjiKKNjdILOkIsuUQPdohZqI4oy9Ixe0Zv1ZL1Y79bHorVkFTNH6A+szx+EcJJO</latexit>

O(TB + log(N)TAs
42/")

<latexit sha1_base64="6LpfIjpJ575pzZ9bNoQaihLlU40="></latexit><latexit sha1_base64="6LpfIjpJ575pzZ9bNoQaihLlU40="></latexit><latexit sha1_base64="6LpfIjpJ575pzZ9bNoQaihLlU40="></latexit><latexit sha1_base64="6LpfIjpJ575pzZ9bNoQaihLlU40="></latexit>

|bi = ~b/||~b||
<latexit sha1_base64="7XPQMaNZz3oNA6iMOehcT3sdHIs=">AAACM3icbZBNSwMxEIazfn9b9ejBYCl4qrtS0IsgePFYwarQlpJNp21oNrsms4W626O/xqv9MeJNvPoTBLPtHtQ6EHh43wwz8/qRFAZd99WZm19YXFpeWV1b39jc2i7s7N6aMNYcajyUob73mQEpFNRQoIT7SAMLfAl3fv8y8+8GoI0I1Q0OI2gGrKtER3CGVmoVDhp9wMQf0XPaGADP6Jimac5p2ioU3bI7KToLXg5Fkle1VfhqtEMeB6CQS2ZM3XMjbCZMo+ASRmuN2EDEeJ91oW5RsQBMM5kcMqIlq7RpJ9T2KaQT9WdHwgJjhoFdshQw7Jm/Xib+59Vj7Jw1E6GiGEHx6aBOLCmGNEuFtoUGjnJogXEt7K6U95hmHG12v6ag6D9Or8hICl8zPUweYqYmjs3L+5vOLNyelD237F1XiheVPLkVsk8OyRHxyCm5IFekSmqEkyfyTF7I2Bk7b8678zH9OufkPXvkVzmf3/dirJs=</latexit><latexit sha1_base64="7XPQMaNZz3oNA6iMOehcT3sdHIs=">AAACM3icbZBNSwMxEIazfn9b9ejBYCl4qrtS0IsgePFYwarQlpJNp21oNrsms4W626O/xqv9MeJNvPoTBLPtHtQ6EHh43wwz8/qRFAZd99WZm19YXFpeWV1b39jc2i7s7N6aMNYcajyUob73mQEpFNRQoIT7SAMLfAl3fv8y8+8GoI0I1Q0OI2gGrKtER3CGVmoVDhp9wMQf0XPaGADP6Jimac5p2ioU3bI7KToLXg5Fkle1VfhqtEMeB6CQS2ZM3XMjbCZMo+ASRmuN2EDEeJ91oW5RsQBMM5kcMqIlq7RpJ9T2KaQT9WdHwgJjhoFdshQw7Jm/Xib+59Vj7Jw1E6GiGEHx6aBOLCmGNEuFtoUGjnJogXEt7K6U95hmHG12v6ag6D9Or8hICl8zPUweYqYmjs3L+5vOLNyelD237F1XiheVPLkVsk8OyRHxyCm5IFekSmqEkyfyTF7I2Bk7b8678zH9OufkPXvkVzmf3/dirJs=</latexit><latexit sha1_base64="7XPQMaNZz3oNA6iMOehcT3sdHIs=">AAACM3icbZBNSwMxEIazfn9b9ejBYCl4qrtS0IsgePFYwarQlpJNp21oNrsms4W626O/xqv9MeJNvPoTBLPtHtQ6EHh43wwz8/qRFAZd99WZm19YXFpeWV1b39jc2i7s7N6aMNYcajyUob73mQEpFNRQoIT7SAMLfAl3fv8y8+8GoI0I1Q0OI2gGrKtER3CGVmoVDhp9wMQf0XPaGADP6Jimac5p2ioU3bI7KToLXg5Fkle1VfhqtEMeB6CQS2ZM3XMjbCZMo+ASRmuN2EDEeJ91oW5RsQBMM5kcMqIlq7RpJ9T2KaQT9WdHwgJjhoFdshQw7Jm/Xib+59Vj7Jw1E6GiGEHx6aBOLCmGNEuFtoUGjnJogXEt7K6U95hmHG12v6ag6D9Or8hICl8zPUweYqYmjs3L+5vOLNyelD237F1XiheVPLkVsk8OyRHxyCm5IFekSmqEkyfyTF7I2Bk7b8678zH9OufkPXvkVzmf3/dirJs=</latexit><latexit sha1_base64="7XPQMaNZz3oNA6iMOehcT3sdHIs=">AAACM3icbZBNSwMxEIazfn9b9ejBYCl4qrtS0IsgePFYwarQlpJNp21oNrsms4W626O/xqv9MeJNvPoTBLPtHtQ6EHh43wwz8/qRFAZd99WZm19YXFpeWV1b39jc2i7s7N6aMNYcajyUob73mQEpFNRQoIT7SAMLfAl3fv8y8+8GoI0I1Q0OI2gGrKtER3CGVmoVDhp9wMQf0XPaGADP6Jimac5p2ioU3bI7KToLXg5Fkle1VfhqtEMeB6CQS2ZM3XMjbCZMo+ASRmuN2EDEeJ91oW5RsQBMM5kcMqIlq7RpJ9T2KaQT9WdHwgJjhoFdshQw7Jm/Xib+59Vj7Jw1E6GiGEHx6aBOLCmGNEuFtoUGjnJogXEt7K6U95hmHG12v6ag6D9Or8hICl8zPUweYqYmjs3L+5vOLNyelD237F1XiheVPLkVsk8OyRHxyCm5IFekSmqEkyfyTF7I2Bk7b8678zH9OufkPXvkVzmf3/dirJs=</latexit>

|xi = A�1 |bi
||A�1 |bi ||

<latexit sha1_base64="OWcMQMVrlIKvaFNnKyM0Zp7HXvo="></latexit><latexit sha1_base64="OWcMQMVrlIKvaFNnKyM0Zp7HXvo="></latexit><latexit sha1_base64="OWcMQMVrlIKvaFNnKyM0Zp7HXvo="></latexit><latexit sha1_base64="OWcMQMVrlIKvaFNnKyM0Zp7HXvo="></latexit>

HHL:

Solves

Quantum Speedup: depends…



Los Alamos National Laboratory

LLNL CASIS Quantum Sensing and Information Processing Series   |   44Andreas Bärtschi, NSEC / CNLS, baertschi@lanl.gov

Quantum Linear System Problem (HHL)
Example

A · ~x = ~b :

✓
0.75 0.25
0.25 0.75

◆
· ~x =

✓
2
0

◆

<latexit sha1_base64="V0GhI1Caf7DS/Df0QNZgcdS+XF0="></latexit><latexit sha1_base64="V0GhI1Caf7DS/Df0QNZgcdS+XF0="></latexit><latexit sha1_base64="V0GhI1Caf7DS/Df0QNZgcdS+XF0="></latexit><latexit sha1_base64="V0GhI1Caf7DS/Df0QNZgcdS+XF0="></latexit>

~x = A�1 ·~b =
✓

1.5 �0.5
�0.5 1.5

◆
·
✓
2
0

◆

=

✓
3
�1

◆

<latexit sha1_base64="DZYF1jXbQhqN6zAzhrdP6wlU9uA="></latexit><latexit sha1_base64="DZYF1jXbQhqN6zAzhrdP6wlU9uA="></latexit><latexit sha1_base64="DZYF1jXbQhqN6zAzhrdP6wlU9uA="></latexit><latexit sha1_base64="DZYF1jXbQhqN6zAzhrdP6wlU9uA="></latexit>

|xi = 1p
10

✓
3
�1

◆

<latexit sha1_base64="oyeDcoWQC5BmFrZGDvslWQ4gs2I="></latexit><latexit sha1_base64="oyeDcoWQC5BmFrZGDvslWQ4gs2I="></latexit><latexit sha1_base64="oyeDcoWQC5BmFrZGDvslWQ4gs2I="></latexit><latexit sha1_base64="oyeDcoWQC5BmFrZGDvslWQ4gs2I="></latexit>Eigenstates Eigenvalue

1

0.5

|+i = 1p
2

✓
1
1

◆

<latexit sha1_base64="ErvpttPIj6731SrQJKblBqg7VYw="></latexit><latexit sha1_base64="ErvpttPIj6731SrQJKblBqg7VYw="></latexit><latexit sha1_base64="ErvpttPIj6731SrQJKblBqg7VYw="></latexit><latexit sha1_base64="ErvpttPIj6731SrQJKblBqg7VYw="></latexit>

|�i = 1p
2

✓
1
1

◆

<latexit sha1_base64="zDrekQern5YvzzNwHAsYGSDaT1M="></latexit><latexit sha1_base64="zDrekQern5YvzzNwHAsYGSDaT1M="></latexit><latexit sha1_base64="zDrekQern5YvzzNwHAsYGSDaT1M="></latexit><latexit sha1_base64="zDrekQern5YvzzNwHAsYGSDaT1M="></latexit>

|bi =
✓
1
0

◆
= |0i = |+i+ |�ip

2
<latexit sha1_base64="M2xyj3Q+WpnZ6bb5J0RFJ2FP8j4="></latexit><latexit sha1_base64="M2xyj3Q+WpnZ6bb5J0RFJ2FP8j4="></latexit><latexit sha1_base64="M2xyj3Q+WpnZ6bb5J0RFJ2FP8j4="></latexit><latexit sha1_base64="M2xyj3Q+WpnZ6bb5J0RFJ2FP8j4="></latexit>
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Quantum Linear System Problem (HHL)
Helpful Facts

Let A have Eigenstates
with Eigenvalues :
• We can write |b⟩ as

• We can write |x⟩ as 

• has Eigenvalues
in particular 

has a phase of

|uji
<latexit sha1_base64="Hb+gcDd1bVde6j8FHZAzYl4rRyA=">AAACG3icbVBNS8NAEN34WetX1aOXYBE8laQIeix48VjBfkgbyma7adfsbuLuRIihv8Kr/TXexKsHf4zgps3Btj4YeLw3w8w8P+ZMg+N8W2vrG5tb26Wd8u7e/sFh5ei4raNEEdoiEY9U18eaciZpCxhw2o0VxcLntOOHN7nfeaZKs0jeQxpTT+CRZAEjGIz00A8pZMngcTKoVJ2aM4O9StyCVFGB5qDy0x9GJBFUAuFY657rxOBlWAEjnE7K/UTTGJMQj2jPUIkF1V42O3hinxtlaAeRMiXBnql/JzIstE6FbzoFhrFe9nLxP6+XQHDtZUzGCVBJ5ouChNsQ2fn39pApSoCnhmCimLnVJmOsMAGT0cIWYOHL/IucceYrrNLsKcFy5pi83OV0Vkm7XnOdmnt3WW3Ui+RK6BSdoQvkoivUQLeoiVqIIIFe0RuaWlPr3fqwPueta1Yxc4IWYH39AlnSo6Q=</latexit><latexit sha1_base64="Hb+gcDd1bVde6j8FHZAzYl4rRyA=">AAACG3icbVBNS8NAEN34WetX1aOXYBE8laQIeix48VjBfkgbyma7adfsbuLuRIihv8Kr/TXexKsHf4zgps3Btj4YeLw3w8w8P+ZMg+N8W2vrG5tb26Wd8u7e/sFh5ei4raNEEdoiEY9U18eaciZpCxhw2o0VxcLntOOHN7nfeaZKs0jeQxpTT+CRZAEjGIz00A8pZMngcTKoVJ2aM4O9StyCVFGB5qDy0x9GJBFUAuFY657rxOBlWAEjnE7K/UTTGJMQj2jPUIkF1V42O3hinxtlaAeRMiXBnql/JzIstE6FbzoFhrFe9nLxP6+XQHDtZUzGCVBJ5ouChNsQ2fn39pApSoCnhmCimLnVJmOsMAGT0cIWYOHL/IucceYrrNLsKcFy5pi83OV0Vkm7XnOdmnt3WW3Ui+RK6BSdoQvkoivUQLeoiVqIIIFe0RuaWlPr3fqwPueta1Yxc4IWYH39AlnSo6Q=</latexit><latexit sha1_base64="Hb+gcDd1bVde6j8FHZAzYl4rRyA=">AAACG3icbVBNS8NAEN34WetX1aOXYBE8laQIeix48VjBfkgbyma7adfsbuLuRIihv8Kr/TXexKsHf4zgps3Btj4YeLw3w8w8P+ZMg+N8W2vrG5tb26Wd8u7e/sFh5ei4raNEEdoiEY9U18eaciZpCxhw2o0VxcLntOOHN7nfeaZKs0jeQxpTT+CRZAEjGIz00A8pZMngcTKoVJ2aM4O9StyCVFGB5qDy0x9GJBFUAuFY657rxOBlWAEjnE7K/UTTGJMQj2jPUIkF1V42O3hinxtlaAeRMiXBnql/JzIstE6FbzoFhrFe9nLxP6+XQHDtZUzGCVBJ5ouChNsQ2fn39pApSoCnhmCimLnVJmOsMAGT0cIWYOHL/IucceYrrNLsKcFy5pi83OV0Vkm7XnOdmnt3WW3Ui+RK6BSdoQvkoivUQLeoiVqIIIFe0RuaWlPr3fqwPueta1Yxc4IWYH39AlnSo6Q=</latexit><latexit sha1_base64="Hb+gcDd1bVde6j8FHZAzYl4rRyA=">AAACG3icbVBNS8NAEN34WetX1aOXYBE8laQIeix48VjBfkgbyma7adfsbuLuRIihv8Kr/TXexKsHf4zgps3Btj4YeLw3w8w8P+ZMg+N8W2vrG5tb26Wd8u7e/sFh5ei4raNEEdoiEY9U18eaciZpCxhw2o0VxcLntOOHN7nfeaZKs0jeQxpTT+CRZAEjGIz00A8pZMngcTKoVJ2aM4O9StyCVFGB5qDy0x9GJBFUAuFY657rxOBlWAEjnE7K/UTTGJMQj2jPUIkF1V42O3hinxtlaAeRMiXBnql/JzIstE6FbzoFhrFe9nLxP6+XQHDtZUzGCVBJ5ouChNsQ2fn39pApSoCnhmCimLnVJmOsMAGT0cIWYOHL/IucceYrrNLsKcFy5pi83OV0Vkm7XnOdmnt3WW3Ui+RK6BSdoQvkoivUQLeoiVqIIIFe0RuaWlPr3fqwPueta1Yxc4IWYH39AlnSo6Q=</latexit>

X
�j |uji

<latexit sha1_base64="qZ1dXlFnVxFQztrH/teFOY4cxSo=">AAACKnicbZBNSwMxEIazftbvquDFS7AInsquCHoUvHhUsCp0yzKbTjU2m12TiVDX/hmv9td4E6/+DcH04+DXQODhfWeYyZsWSloKw7dganpmdm6+srC4tLyyulZd37i0uTMCGyJXublOwaKSGhskSeF1YRCyVOFV2j0Z+lcPaKzM9QX1CmxlcKNlRwogLyXVrdi6jMcpEiR3PO4ilS656yfVWlgPR8X/QjSBGpvUWVL9jNu5cBlqEgqsbUZhQa0SDEmhsL8YO4sFiC7cYNOjhgxtqxzd3+e7XmnzTm7808RH6veJEjJre1nqOzOgW/vbG4r/eU1HnaNWKXXhCLUYL+o4xSnnwzB4WxoUpHoeQBjpb+XiFgwI8pH92EKy+zj+xZCUTA2YXnnvQI8cn1f0O52/cLlfj8J6dH5QO96fJFdh22yH7bGIHbJjdsrOWIMJ9sSe2QsbBIPgNXgL3setU8FkZpP9qODjC+rWqQk=</latexit><latexit sha1_base64="qZ1dXlFnVxFQztrH/teFOY4cxSo=">AAACKnicbZBNSwMxEIazftbvquDFS7AInsquCHoUvHhUsCp0yzKbTjU2m12TiVDX/hmv9td4E6/+DcH04+DXQODhfWeYyZsWSloKw7dganpmdm6+srC4tLyyulZd37i0uTMCGyJXublOwaKSGhskSeF1YRCyVOFV2j0Z+lcPaKzM9QX1CmxlcKNlRwogLyXVrdi6jMcpEiR3PO4ilS656yfVWlgPR8X/QjSBGpvUWVL9jNu5cBlqEgqsbUZhQa0SDEmhsL8YO4sFiC7cYNOjhgxtqxzd3+e7XmnzTm7808RH6veJEjJre1nqOzOgW/vbG4r/eU1HnaNWKXXhCLUYL+o4xSnnwzB4WxoUpHoeQBjpb+XiFgwI8pH92EKy+zj+xZCUTA2YXnnvQI8cn1f0O52/cLlfj8J6dH5QO96fJFdh22yH7bGIHbJjdsrOWIMJ9sSe2QsbBIPgNXgL3setU8FkZpP9qODjC+rWqQk=</latexit><latexit sha1_base64="qZ1dXlFnVxFQztrH/teFOY4cxSo=">AAACKnicbZBNSwMxEIazftbvquDFS7AInsquCHoUvHhUsCp0yzKbTjU2m12TiVDX/hmv9td4E6/+DcH04+DXQODhfWeYyZsWSloKw7dganpmdm6+srC4tLyyulZd37i0uTMCGyJXublOwaKSGhskSeF1YRCyVOFV2j0Z+lcPaKzM9QX1CmxlcKNlRwogLyXVrdi6jMcpEiR3PO4ilS656yfVWlgPR8X/QjSBGpvUWVL9jNu5cBlqEgqsbUZhQa0SDEmhsL8YO4sFiC7cYNOjhgxtqxzd3+e7XmnzTm7808RH6veJEjJre1nqOzOgW/vbG4r/eU1HnaNWKXXhCLUYL+o4xSnnwzB4WxoUpHoeQBjpb+XiFgwI8pH92EKy+zj+xZCUTA2YXnnvQI8cn1f0O52/cLlfj8J6dH5QO96fJFdh22yH7bGIHbJjdsrOWIMJ9sSe2QsbBIPgNXgL3setU8FkZpP9qODjC+rWqQk=</latexit><latexit sha1_base64="qZ1dXlFnVxFQztrH/teFOY4cxSo=">AAACKnicbZBNSwMxEIazftbvquDFS7AInsquCHoUvHhUsCp0yzKbTjU2m12TiVDX/hmv9td4E6/+DcH04+DXQODhfWeYyZsWSloKw7dganpmdm6+srC4tLyyulZd37i0uTMCGyJXublOwaKSGhskSeF1YRCyVOFV2j0Z+lcPaKzM9QX1CmxlcKNlRwogLyXVrdi6jMcpEiR3PO4ilS656yfVWlgPR8X/QjSBGpvUWVL9jNu5cBlqEgqsbUZhQa0SDEmhsL8YO4sFiC7cYNOjhgxtqxzd3+e7XmnzTm7808RH6veJEjJre1nqOzOgW/vbG4r/eU1HnaNWKXXhCLUYL+o4xSnnwzB4WxoUpHoeQBjpb+XiFgwI8pH92EKy+zj+xZCUTA2YXnnvQI8cn1f0O52/cLlfj8J6dH5QO96fJFdh22yH7bGIHbJjdsrOWIMJ9sSe2QsbBIPgNXgL3setU8FkZpP9qODjC+rWqQk=</latexit>

⇡
X �j

�j
|uji

<latexit sha1_base64="V2hz/oE8+NyMr6KxSsRz+vlGcIU="></latexit><latexit sha1_base64="V2hz/oE8+NyMr6KxSsRz+vlGcIU="></latexit><latexit sha1_base64="V2hz/oE8+NyMr6KxSsRz+vlGcIU="></latexit><latexit sha1_base64="V2hz/oE8+NyMr6KxSsRz+vlGcIU="></latexit>

eit·A
<latexit sha1_base64="dyTIgd+zlsW8OVKp13kDUdNul0U=">AAACH3icbZDLTgIxFIY7eEO8oS7dNBITV2SGmOgS48YlJnJJYCSdUqCh0w7tGZNxwnO4ladxZ9zyMCZ2gIWAJ2ny5f/PyTn9g0hwA647c3Jb2zu7e/n9wsHh0fFJ8fSsYVSsKatTJZRuBcQwwSWrAwfBWpFmJAwEawajh8xvvjJtuJLPkETMD8lA8j6nBKzks5eUQ4f2FOD7SbdYcsvuvPAmeEsooWXVusWfTk/ROGQSqCDGtD03Aj8lGjgVbFLoxIZFhI7IgLUtShIy46fzoyf4yio93FfaPgl4rv6dSEloTBIGtjMkMDTrXib+57Vj6N/5KZdRDEzSxaJ+LDAonCWAe1wzCiKxQKjm9lZMh0QTCjanlS3AR2+LX2QkeKCJTtJxTOTcsXl56+lsQqNS9tyy93RTqlaWyeXRBbpE18hDt6iKHlEN1RFFY/SOPtDUmTqfzpfzvWjNOcuZc7RSzuwX8uWk9Q==</latexit><latexit sha1_base64="dyTIgd+zlsW8OVKp13kDUdNul0U=">AAACH3icbZDLTgIxFIY7eEO8oS7dNBITV2SGmOgS48YlJnJJYCSdUqCh0w7tGZNxwnO4ladxZ9zyMCZ2gIWAJ2ny5f/PyTn9g0hwA647c3Jb2zu7e/n9wsHh0fFJ8fSsYVSsKatTJZRuBcQwwSWrAwfBWpFmJAwEawajh8xvvjJtuJLPkETMD8lA8j6nBKzks5eUQ4f2FOD7SbdYcsvuvPAmeEsooWXVusWfTk/ROGQSqCDGtD03Aj8lGjgVbFLoxIZFhI7IgLUtShIy46fzoyf4yio93FfaPgl4rv6dSEloTBIGtjMkMDTrXib+57Vj6N/5KZdRDEzSxaJ+LDAonCWAe1wzCiKxQKjm9lZMh0QTCjanlS3AR2+LX2QkeKCJTtJxTOTcsXl56+lsQqNS9tyy93RTqlaWyeXRBbpE18hDt6iKHlEN1RFFY/SOPtDUmTqfzpfzvWjNOcuZc7RSzuwX8uWk9Q==</latexit><latexit sha1_base64="dyTIgd+zlsW8OVKp13kDUdNul0U=">AAACH3icbZDLTgIxFIY7eEO8oS7dNBITV2SGmOgS48YlJnJJYCSdUqCh0w7tGZNxwnO4ladxZ9zyMCZ2gIWAJ2ny5f/PyTn9g0hwA647c3Jb2zu7e/n9wsHh0fFJ8fSsYVSsKatTJZRuBcQwwSWrAwfBWpFmJAwEawajh8xvvjJtuJLPkETMD8lA8j6nBKzks5eUQ4f2FOD7SbdYcsvuvPAmeEsooWXVusWfTk/ROGQSqCDGtD03Aj8lGjgVbFLoxIZFhI7IgLUtShIy46fzoyf4yio93FfaPgl4rv6dSEloTBIGtjMkMDTrXib+57Vj6N/5KZdRDEzSxaJ+LDAonCWAe1wzCiKxQKjm9lZMh0QTCjanlS3AR2+LX2QkeKCJTtJxTOTcsXl56+lsQqNS9tyy93RTqlaWyeXRBbpE18hDt6iKHlEN1RFFY/SOPtDUmTqfzpfzvWjNOcuZc7RSzuwX8uWk9Q==</latexit><latexit sha1_base64="dyTIgd+zlsW8OVKp13kDUdNul0U=">AAACH3icbZDLTgIxFIY7eEO8oS7dNBITV2SGmOgS48YlJnJJYCSdUqCh0w7tGZNxwnO4ladxZ9zyMCZ2gIWAJ2ny5f/PyTn9g0hwA647c3Jb2zu7e/n9wsHh0fFJ8fSsYVSsKatTJZRuBcQwwSWrAwfBWpFmJAwEawajh8xvvjJtuJLPkETMD8lA8j6nBKzks5eUQ4f2FOD7SbdYcsvuvPAmeEsooWXVusWfTk/ROGQSqCDGtD03Aj8lGjgVbFLoxIZFhI7IgLUtShIy46fzoyf4yio93FfaPgl4rv6dSEloTBIGtjMkMDTrXib+57Vj6N/5KZdRDEzSxaJ+LDAonCWAe1wzCiKxQKjm9lZMh0QTCjanlS3AR2+LX2QkeKCJTtJxTOTcsXl56+lsQqNS9tyy93RTqlaWyeXRBbpE18hDt6iKHlEN1RFFY/SOPtDUmTqfzpfzvWjNOcuZc7RSzuwX8uWk9Q==</latexit>

�j 2 [1/, 1]
<latexit sha1_base64="mjgpMGk1UFCcmjt/AukY+lM7zWA=">AAACL3icbVDLSgMxFM3UV62vUZfdBIvgQupMEXRZcOOygn1AZyh30rSNzWTGJCOMQxd+jVv7NeJG3PoRguljYVsPBA7nnMvNPUHMmdKO82Hl1tY3Nrfy24Wd3b39A/vwqKGiRBJaJxGPZCsARTkTtK6Z5rQVSwphwGkzGN5M/OYTlYpF4l6nMfVD6AvWYwS0kTp20eMm3IXOA/aYwG33whtCHMM5dv2OXXLKzhR4lbhzUkJz1Dr2j9eNSBJSoQkHpdquE2s/A6kZ4XRU8BJFYyBD6NO2oQJCqvxsesQInxqli3uRNE9oPFX/TmQQKpWGgUmGoAdq2ZuI/3ntRPeu/YyJONFUkNmiXsKxjvCkEdxlkhLNU0OASGb+iskAJBBtelvYotnweXbFhHEWSJBp9piAmDqmL3e5nVXSqJRdp+zeXZaqlXlzeVREJ+gMuegKVdEtqqE6IugFvaI3NLbG1rv1aX3NojlrPnOMFmB9/wKF0amq</latexit><latexit sha1_base64="mjgpMGk1UFCcmjt/AukY+lM7zWA=">AAACL3icbVDLSgMxFM3UV62vUZfdBIvgQupMEXRZcOOygn1AZyh30rSNzWTGJCOMQxd+jVv7NeJG3PoRguljYVsPBA7nnMvNPUHMmdKO82Hl1tY3Nrfy24Wd3b39A/vwqKGiRBJaJxGPZCsARTkTtK6Z5rQVSwphwGkzGN5M/OYTlYpF4l6nMfVD6AvWYwS0kTp20eMm3IXOA/aYwG33whtCHMM5dv2OXXLKzhR4lbhzUkJz1Dr2j9eNSBJSoQkHpdquE2s/A6kZ4XRU8BJFYyBD6NO2oQJCqvxsesQInxqli3uRNE9oPFX/TmQQKpWGgUmGoAdq2ZuI/3ntRPeu/YyJONFUkNmiXsKxjvCkEdxlkhLNU0OASGb+iskAJBBtelvYotnweXbFhHEWSJBp9piAmDqmL3e5nVXSqJRdp+zeXZaqlXlzeVREJ+gMuegKVdEtqqE6IugFvaI3NLbG1rv1aX3NojlrPnOMFmB9/wKF0amq</latexit><latexit sha1_base64="mjgpMGk1UFCcmjt/AukY+lM7zWA=">AAACL3icbVDLSgMxFM3UV62vUZfdBIvgQupMEXRZcOOygn1AZyh30rSNzWTGJCOMQxd+jVv7NeJG3PoRguljYVsPBA7nnMvNPUHMmdKO82Hl1tY3Nrfy24Wd3b39A/vwqKGiRBJaJxGPZCsARTkTtK6Z5rQVSwphwGkzGN5M/OYTlYpF4l6nMfVD6AvWYwS0kTp20eMm3IXOA/aYwG33whtCHMM5dv2OXXLKzhR4lbhzUkJz1Dr2j9eNSBJSoQkHpdquE2s/A6kZ4XRU8BJFYyBD6NO2oQJCqvxsesQInxqli3uRNE9oPFX/TmQQKpWGgUmGoAdq2ZuI/3ntRPeu/YyJONFUkNmiXsKxjvCkEdxlkhLNU0OASGb+iskAJBBtelvYotnweXbFhHEWSJBp9piAmDqmL3e5nVXSqJRdp+zeXZaqlXlzeVREJ+gMuegKVdEtqqE6IugFvaI3NLbG1rv1aX3NojlrPnOMFmB9/wKF0amq</latexit><latexit sha1_base64="mjgpMGk1UFCcmjt/AukY+lM7zWA=">AAACL3icbVDLSgMxFM3UV62vUZfdBIvgQupMEXRZcOOygn1AZyh30rSNzWTGJCOMQxd+jVv7NeJG3PoRguljYVsPBA7nnMvNPUHMmdKO82Hl1tY3Nrfy24Wd3b39A/vwqKGiRBJaJxGPZCsARTkTtK6Z5rQVSwphwGkzGN5M/OYTlYpF4l6nMfVD6AvWYwS0kTp20eMm3IXOA/aYwG33whtCHMM5dv2OXXLKzhR4lbhzUkJz1Dr2j9eNSBJSoQkHpdquE2s/A6kZ4XRU8BJFYyBD6NO2oQJCqvxsesQInxqli3uRNE9oPFX/TmQQKpWGgUmGoAdq2ZuI/3ntRPeu/YyJONFUkNmiXsKxjvCkEdxlkhLNU0OASGb+iskAJBBtelvYotnweXbFhHEWSJBp9piAmDqmL3e5nVXSqJRdp+zeXZaqlXlzeVREJ+gMuegKVdEtqqE6IugFvaI3NLbG1rv1aX3NojlrPnOMFmB9/wKF0amq</latexit>

eit·�j
<latexit sha1_base64="+H+DRwDhcdErp5n7T/KkFL4y9bs=">AAACKXicbVDLSgMxFM3UV62vqrhyEyyCqzJTBF0W3LisYB/Q1nInk7axmcyY3BHq0I9xa7/Gnbr1OwTTx8K2HggczrmHe3P8WAqDrvvpZNbWNza3stu5nd29/YP84VHNRIlmvMoiGemGD4ZLoXgVBUreiDWH0Je87g9uJn79mWsjInWPw5i3Q+gp0RUM0Eqd/Al/SAW2WBAhbUmbC6DzOOrkC27RnYKuEm9OCmSOSif/0woiloRcIZNgTNNzY2ynoFEwyUe5VmJ4DGwAPd60VEHITTudnj+i51YJaDfS9imkU/VvIoXQmGHo28kQsG+WvYn4n9dMsHvdToWKE+SKzRZ1E0kxopMuaCA0ZyiHlgDTwt5KWR80MLSNLWxBMXiZ/WLCpPA16GH6lICaOrYvb7mdVVIrFT236N1dFsqleXNZckrOyAXxyBUpk1tSIVXCSEpeyRsZO2Pn3flwvmajGWeeOSYLcL5/AU75qLs=</latexit><latexit sha1_base64="+H+DRwDhcdErp5n7T/KkFL4y9bs=">AAACKXicbVDLSgMxFM3UV62vqrhyEyyCqzJTBF0W3LisYB/Q1nInk7axmcyY3BHq0I9xa7/Gnbr1OwTTx8K2HggczrmHe3P8WAqDrvvpZNbWNza3stu5nd29/YP84VHNRIlmvMoiGemGD4ZLoXgVBUreiDWH0Je87g9uJn79mWsjInWPw5i3Q+gp0RUM0Eqd/Al/SAW2WBAhbUmbC6DzOOrkC27RnYKuEm9OCmSOSif/0woiloRcIZNgTNNzY2ynoFEwyUe5VmJ4DGwAPd60VEHITTudnj+i51YJaDfS9imkU/VvIoXQmGHo28kQsG+WvYn4n9dMsHvdToWKE+SKzRZ1E0kxopMuaCA0ZyiHlgDTwt5KWR80MLSNLWxBMXiZ/WLCpPA16GH6lICaOrYvb7mdVVIrFT236N1dFsqleXNZckrOyAXxyBUpk1tSIVXCSEpeyRsZO2Pn3flwvmajGWeeOSYLcL5/AU75qLs=</latexit><latexit sha1_base64="+H+DRwDhcdErp5n7T/KkFL4y9bs=">AAACKXicbVDLSgMxFM3UV62vqrhyEyyCqzJTBF0W3LisYB/Q1nInk7axmcyY3BHq0I9xa7/Gnbr1OwTTx8K2HggczrmHe3P8WAqDrvvpZNbWNza3stu5nd29/YP84VHNRIlmvMoiGemGD4ZLoXgVBUreiDWH0Je87g9uJn79mWsjInWPw5i3Q+gp0RUM0Eqd/Al/SAW2WBAhbUmbC6DzOOrkC27RnYKuEm9OCmSOSif/0woiloRcIZNgTNNzY2ynoFEwyUe5VmJ4DGwAPd60VEHITTudnj+i51YJaDfS9imkU/VvIoXQmGHo28kQsG+WvYn4n9dMsHvdToWKE+SKzRZ1E0kxopMuaCA0ZyiHlgDTwt5KWR80MLSNLWxBMXiZ/WLCpPA16GH6lICaOrYvb7mdVVIrFT236N1dFsqleXNZckrOyAXxyBUpk1tSIVXCSEpeyRsZO2Pn3flwvmajGWeeOSYLcL5/AU75qLs=</latexit><latexit sha1_base64="+H+DRwDhcdErp5n7T/KkFL4y9bs=">AAACKXicbVDLSgMxFM3UV62vqrhyEyyCqzJTBF0W3LisYB/Q1nInk7axmcyY3BHq0I9xa7/Gnbr1OwTTx8K2HggczrmHe3P8WAqDrvvpZNbWNza3stu5nd29/YP84VHNRIlmvMoiGemGD4ZLoXgVBUreiDWH0Je87g9uJn79mWsjInWPw5i3Q+gp0RUM0Eqd/Al/SAW2WBAhbUmbC6DzOOrkC27RnYKuEm9OCmSOSif/0woiloRcIZNgTNNzY2ynoFEwyUe5VmJ4DGwAPd60VEHITTudnj+i51YJaDfS9imkU/VvIoXQmGHo28kQsG+WvYn4n9dMsHvdToWKE+SKzRZ1E0kxopMuaCA0ZyiHlgDTwt5KWR80MLSNLWxBMXiZ/WLCpPA16GH6lICaOrYvb7mdVVIrFT236N1dFsqleXNZckrOyAXxyBUpk1tSIVXCSEpeyRsZO2Pn3flwvmajGWeeOSYLcL5/AU75qLs=</latexit>

Need to find the Eigenvalues!

Using Hamiltonian Simulation
we can do Phase Estimation!ei⇡A |uji = ei⇡�j |uji = e2⇡i·�j/2 |uji

<latexit sha1_base64="z1HtaEck8qDJp/JN81yqku6gDAg="></latexit><latexit sha1_base64="z1HtaEck8qDJp/JN81yqku6gDAg="></latexit><latexit sha1_base64="z1HtaEck8qDJp/JN81yqku6gDAg="></latexit><latexit sha1_base64="z1HtaEck8qDJp/JN81yqku6gDAg="></latexit>

�j/2 2 [1/(2), 1/2] ⇢ [0, 1)
<latexit sha1_base64="nhnJ204Y5JBMxnxwb/IClaMe4gw="></latexit><latexit sha1_base64="nhnJ204Y5JBMxnxwb/IClaMe4gw="></latexit><latexit sha1_base64="nhnJ204Y5JBMxnxwb/IClaMe4gw="></latexit><latexit sha1_base64="I3lPTJIQE+m0RDVHgPLQZ7Ck1g4=">AAACBnicbZDPSsNAEMYn/q2xaj17WSyCp5J40aPgxWMF+wfaUjabTbt0s4m7EyGGvoBX8Wm8iS/h0+im6cG2Dgz8+L5dZuYLUikMet63s7W9s7u3XztwD+vu0fFJo941SaYZ77BEJrofUMOlULyDAiXvp5rTOJC8F8zuSr/3zLURiXrEPOWjmE6UiASjaKX2uNH0Wt6iyCb4S2jCssaNn2GYsCzmCpmkxgx8L8VRQTUKJvncHWaGp5TN6IQPLCoaczMqFmvOyYVVQhIl2rZCslD//ihobEweB/ZlTHFq1r1S/M8bZBjdjAqh0gy5YtWgKJMEE1LeTEKhOUOZW6BMC7srYVOqKUObzMoUFLOX6oqSpAg01XnxlFFVOa4NzF+PZxO6Vy3fa/kPHtTgDM7hEny4hlu4hzZ0gEEIr/DmvDsfzmcV7JazTPgUVsr5+gXeP501</latexit><latexit sha1_base64="2Yg5B0FTWN3UVhL0qA4NHLvkdBI="></latexit><latexit sha1_base64="2Yg5B0FTWN3UVhL0qA4NHLvkdBI="></latexit><latexit sha1_base64="kQi8+/TSnvaz7Tjz/lpV9Ns+koE="></latexit><latexit sha1_base64="nhnJ204Y5JBMxnxwb/IClaMe4gw="></latexit><latexit sha1_base64="nhnJ204Y5JBMxnxwb/IClaMe4gw="></latexit><latexit sha1_base64="nhnJ204Y5JBMxnxwb/IClaMe4gw="></latexit><latexit sha1_base64="nhnJ204Y5JBMxnxwb/IClaMe4gw="></latexit><latexit sha1_base64="nhnJ204Y5JBMxnxwb/IClaMe4gw="></latexit><latexit sha1_base64="nhnJ204Y5JBMxnxwb/IClaMe4gw="></latexit>
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Quantum Linear System Problem (HHL)
Hamiltonian Simulation Phase Estimation Amplitude Amplification

|bi =
X

�j |uji |0ir |0ia !
X

�j |uji |�jir |0ia Phase Estimation

!
X

�j |uji |�jir
⇣q

1� 1
2�2

j
|0i+ 1

�j
|1i

⌘

a
Conditional Rotation

!
X

�j |uji |0ir
⇣q

1� 1
2�2

j
|0i+ 1

�j
|1i

⌘

a
uncompute

!
r

2
P

�2
j /�

2
j

X �j

�j
|uji |0ir |1ia ⇡

X �j

�j
|uji if we measured |1ia

<latexit sha1_base64="uYPxi+Ap0od0Wg7Qv7cSjhxssog="></latexit><latexit sha1_base64="uYPxi+Ap0od0Wg7Qv7cSjhxssog="></latexit><latexit sha1_base64="uYPxi+Ap0od0Wg7Qv7cSjhxssog="></latexit><latexit sha1_base64="uYPxi+Ap0od0Wg7Qv7cSjhxssog="></latexit>
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